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VABSTRACT
Because of the importance of fibre length and wood 
density to the pulp and paper industry, a programme of 
research was undertaken to extend the limited existing 
knowledge of these properties in Eucalyptus regnans 
F.v.M., which in Australia is the preferred eucalypt 
species for paper manufacture. Factors which influence 
the practicability of controlling average fibre length 
or wood density by a programme of tree selection and 
breeding are examined, viz. inheritance, phenotypic 
variation, and sample representativeness.
The influence of environment on phenotypic 
variation in fibre length and wood density is examined 
both for seedlings and natural regrowth trees. Analyses 
of the results for seedlings grown in different 
controlled temperature environments indicate size 
(height or diameter) is directly proportional to fibre 
length, but inversely proportional to basic density. 
However, examination of the effects on fibre length and 
wood density of fertilizing and thinning regrowth 
forests, together with an analysis of seasonal variations 
in radial increment and wood density shows growth rate 
per se is not solely responsible for changes in wood 
properties .
Narrow sense heritability estimates for fibre length 
and basic density based on seedlings grown in different 
environments are shown to be sufficiently large and 
consistent to indicate potential for useful genetic gains 
by a programme of tree selection and breeding. However,
vi
there are important environment and genotype x 
environment interaction effects which could considerably 
reduce the effectiveness of tree selection if the same 
genotypes were used in a number of differing environments.
The detailed examination of within and between 
tree variance components for fibre length and wood 
density indicates a programme of tree improvement would 
be most beneficial if E .regnans were grown in 
plantations and utilized at young age. Moreover, 
estimates of fibre length are shown to be representative 
of the whole tree averages only for trees less than 15 
years old, so selection in E ♦regnans would be most 
practical and effective for young trees.
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1PART A PRELIMINARY 
1 . GENERAL INTRODUCTION
Quality control requirements in the pulp and paper 
industry has stimulated considerable interest in wood 
properties. Research into fibre morphology has 
demonstrated the predominant influence of fibre 
flexibility on strength properties of paper such as 
burst factor, breaking length, and folding endurance 
(Dinwoodie, 1965)5 ultimate failure of the sheet 
depending on the relationship between fibre tensile 
strength and shear strength of the interfibre bonds. 
Fibres having a large 'wall thickness/lumen diameter' 
ratio are inflexible, resist beating, do not collapse 
readily, and bond poorly. Consequently, paper with a 
large proportion of inflexible fibres is bulky, opaque, 
and has a rough surface, low density, and low burst 
factor (Karth, 1967; Ellwood, 1967). Conversely, paper 
composed largely of low density, flexible fibres has 
high tensile strength, burst factor, and folding 
endurance.
Wood density and average cell length have been 
related to paper strength properties frequently in the 
past. However, research in recent years, involving more 
than one variable, suggests that cell length is less 
important than was previously thought provided bonding 
is sufficient to prevent stress concentrations0
2Wood density is a compound character, integrating 
variations in cell type, diameter, wall thickness, and 
length. Its relationship to average fibre flexibility 
depends upon the proportion of tracheids or fibres. In 
coniferous species, wood is mainly composed of tracheids, 
and so density is highly correlated with average fibre 
flexibility and hence with paper strength properties.
This correlation between wood density and fibre 
flexibility is more variable between hardwood species 
because of large differences in the proportions of 
non-fibrous cell types (Dadswell and Wardrop, i960). 
Nevertheless, in species with a large proportion of 
fibres, wood density is indicative of paper properties 
and because it is simpler to measure than the 'fibre 
diameter/wall thickness' ratio, it has greater practical 
value.
Wood density also has an important effect on pulp 
yield per unit wood volume. Dense wood gives a low 
density paper sheet resulting in a large yield of paper 
per unit volume of wood. Conversely, the density of 
paper made from low density wood is high. Since the 
effects of wood density on paper strength properties and 
on paper yield interact, the control of wood density is 
likely to become increasingly important in the future.
Eucalypts are being grown increasingly throughout 
the world to provide pulp for both paper and cellulose 
derivatives. Commercial pulping of exotic eucalypts is 
based on E .globulus in Spain (Barbadillo, 1967) and in 
Portugal (Haas, 1967 ) whereas E . sal igna. (probably 
grandis) is favoured in Brazil (Leon and Borges, 1967)
and in South Africa (Myburgh, 1967).
3Although E .regnans has rarely been planted as an 
exotic, in Australia it is a valuable species for both 
pulp and sawn timber production because of its high 
volume yield per acre and desirable wood properties. 
Attempts have not been made to improve genetically 
either yield or wood quality but interest has recently 
been expressed. Data demonstrating inherent differences 
in growth between families for E .regnans are available 
(Eldridge, I9 6 6), but little is known of the potential 
to improve wood properties.
It is common knowledge that cell length and basic 
density of wood vary considerably within and between 
tree species. The variations in wood properties within 
a species may be categorized as follows: growth ring,
cross-section, height, tree, stand, site, geographic area, 
and provenance. Certain of these aspects of variation 
in cell length and wood density have been investigated 
for many species, both gymnosperms and angiosperms. 
Literature reviews relating to cell length variations 
were published by Spurr and Hyv'arinen (195^) and by 
Dinwoodie (1 9 6 1), the latter being particularly 
comprehensive. Reviews relating to wood density 
variations (Spurr and Hsiung, 195^ +; Echols, 1958;
Goggans, 1 9 6 1, 1962; Götze, I9 6 2) were of limited scope.
Results indicate the within stand component 
invariably constitutes a large proportion of the total 
variation, but the importance of components due to site, 
geographic area, and provenance varies, depending upon 
the species distribution and hence upon its range of 
environment.
4The within tree variance in fibre length or wood 
density frequently represents a. large proportion of the 
within stand variance and complicates comparisons of 
different trees (Richardson, I96I; Balodis, 1966). For 
meaningful, yet practical comparisons sample 
representativeness in relation to the average properties 
of the whole tree requires consideration.
The existence of substantial phenotypic variation 
in cell length and wood density between trees has 
sometimes been misconstrued to infer significant 
genotypic variation. A large proportion of phenotypic 
variation may result from environmental variation but, 
though the effects of some environmental factors have 
been examined, these are not fully understood. Still 
less certain are changes in the environment of a 
particular tree during its development and their 
associated effects on wood properties.
Genotypic and external environmental factors act by 
influencing the physiological environment of the cambium 
(Kramer, i960). The major internal factors are the food 
supply (particularly carbohydrate and nitrogen compounds), 
the water supply, the mineral nutrient status, and finally 
the hormone balance which is considered largely 
responsible for the high overall autocorrelation within 
the tree. Growth depends upon the relationships between 
crown and root development, between water absorption and 
loss, and ultimately between photosynthesis and 
respiration.
The genotype determines potential efficiency of the 
physiological processes, but its expression in different 
environments may be modified by genotype x environment
5interactions. Plasticity of the genotype, with respect 
to a particular characteristic, represents the extent to 
which the phenotype is modified by changes in 
environment; this may vary considerably for different 
characteristics. Observed changes in cell length and 
wood density in response to environmental treatments 
indicate considerable plasticity for these wood 
pro pertie s .
The external environment (encompassing climatic and 
edaphic factors such as quantity and quality of light, 
air and soil temperatures, soil moisture and aeration, 
and mineral nutrition) affects the physiological 
environment via the crown and roots. In many species, 
daylength affects the processes of shoot growth, diameter 
growth, and dormancy, generally by modifying the levels 
of independent growth hormones (Kramer and Kozlowski, 
1960). Light intensity directly affects chlorophyll 
synthesis and photosynthesis. Soil and air temperatures 
affect the rates of physiological processes such as 
chlorophyll synthesis, photosynthesis, respiration, cell 
division and differentiation, and transpiration. These 
effects interact and there usually is an optimum 
temperature regime for growth. Soil moisture and 
atmospheric humidity interact with temperature in 
affecting the internal water balance.
The effects of environment on wood properties have 
commonly been interpreted in terms of variations in ring 
width within and between trees. Numerous investigators 
reported relationships between growth rate (expressed as 
ring width) and either cell length or wood density; 
often with conifers, ring width was related to percentage
6of summerwood, which was highly correlated with wood 
density. Contradictory relationships between ring width 
and wood density were sometimes observed in different 
investigations, some of these inconsistencies probably 
being attributable to one or more of the following 
causes :
(1) unknown genetic factor;
(2) confounded effects of positional variations;
(3) limited replication.
However, greater confusion probably results from the 
inadequacy of ring width per se as a measure of growth 
rate since it does not differentiate between short term 
variations in rate and duration of growth. When 
examining the effects of environment on wood properties 
in an uncontrolled environment, these short term growth 
rate variations should also be considered rather than 
concentrating solely on variations in annual ring width.
An alternative way to examine environmental effects 
on wood properties is to impose different treatments 
experimentally. The effects of temperature, photoperiod, 
and light intensity are readily examinable using small 
plants grown under controlled environment conditions. 
However, with large trees, only certain types of direct 
treatment are possible: irrigation helps to maintain
turgidity; fertilization increases the supply of mineral 
nutrients essential for metabolism; and thinning 
alleviates light, water, and mineral nutrient stresses.
Some investigators examined environmental effects 
by sampling trees from different sites, although the 
genetic factor was frequently confounded. This procedure
7involves variations in concomitant environmental factors, 
requiring some form of multivariate analysis.
The aim in this research project was to examine 
qualitative and quantitative effects of genotypic and 
certain environmental factors on fibre length and wood 
density of E .regnans. Both seedlings and large trees 
were examined, the work being done in three phases:
(1) two successive investigations were made with 
young, open-pollinated seedlings to estimate 
the relative control of fibre length and basic 
density by genotypic and environmental factors;
(2) environmental effects on fibre length and wood 
density of large trees were examined at breast 
height by comparing the wood produced before 
and after:
(a) fertilization,
(b) thinning;
(3) an examination of systematic fibre length and 
wood density variations within several regrowth 
trees. These data also provided estimates of 
between tree variance in fibre length and wood 
density, and enabled an examination of the 
accuracy with which estimates at different 
height levels represented the average for the 
tree as a whole.
Discussion emphasizes the factors which affect fibre 
length and wood density variations and the practical 
importance of these variations.
82 . GENERAL METHODS
Procedures for sample preparation and for estimating 
fibre length and wood density which are common to 
different experiments, are given below.
2,1 Sample Preparation
Either cross-sectional discs or 1 in. x 1 in.-square 
increment cores were obtained by field sampling. These 
were resawn to give samples, in. x \ in.-square, 
extending from pith to bark, that were dried and 
machined as follows:
(1) * green* samples were frozen to induce bubble 
formation and so to minimize collapse during 
subsequent drying;
(2 ) frozen samples were dried in a vacuum oven
at 4o°C;
(3) dried samples were conditioned to 7-9 per cent 
moisture content over a saturated sodium 
dichromate solution within a sealed container;
(4 ) conditioned samples were machined to
6.90 +_ 0.04 mm in the longitudinal direction 
with respect to wood structure.
2.2 X-ray Negatives
Wood density was determined in this investigation 
by X-ray densitometry. This method was developed by 
Polge (1963» 1963a., 1966) and modifications were proposed
to suit eucalypts by Rudman (1968) and Rudman et a l . , (1969a),
9the latter examining quantitative errors in the method.
For a wood sample of constant thickness, optical density 
of an X-ray negative for the sample is a negative 
function of wood density, the linearity of this function 
depending upon the incident radiation spectrum and the 
sample thickness.
Wood samples and calibration samples of known 
density were placed on top of an X-ray film and then 
irradiated with X-rays generated at 23 kV and 20 m A , the 
long wavelength radiation having been attenuated by an 
interposed 0.09 mm thick aluminium screen.
The exposed film was then developed, fixed, and 
dried taking particular care to ensure uniform treatment 
for all areas of the sheet.
2.3 Growth Ring Delineation
A dual beam micro-densitometer was used to produce 
a trace of the wood density variations in each sample 
from the optical density variations of the X-ray negative. 
Instrument sensitivity was greatly affected by changes in 
objective-power, focus, and collimation-siit size, so 
throughout the investigation, standardized settings were 
used to ensure comparability between samples. The 
instrument was operated at low sensitivity to damp minor 
density variations caused by the large-diameter vessels 
in E .regnans.
As seasonal wood density variations in E .regnans 
had not previously been reported, a growth ring was 
arbitrarily defined as the zone between adjacent major 
minima of the wood density trace0
10
2.4 Wood Density Estimation
Average optical density for a growth ring was 
measured by the average intercept (cm) with reference to 
an arbitrary, horizontal baseline drawn below the trace 
of density variations. This intercept was determined by 
measuring the area enclosed by the density trace, the 
baseline, and the sidelines delimiting the growth ring 
using a planimeter, and then dividing this area by its 
width. Optical density was converted to wood density 
(g/cc) by reference to the film calibration curve 
established from the intercepts for the known density 
standards.
2.5 Fibre Length Estimation
Wood samples, whether thin microtome sections, whole 
growth rings, or seedling stem sections, were digested 
until delignified at 90-95°C in a 1:1 mixture of glacial 
acetic acid and 100 vol. hydrogen peroxide. Samples 
from seedlings required digestion for approximately one 
hour whereas those from mature wood required approximately 
four hours.
Each delignified sample was washed and teased on a 
sieve under running water, then transferred to a test 
tube and shaken, giving a dilute fibre suspension. This 
suspension was then poured into a perforated petri dish 
immersed in a water bath and containing a microscope 
slide. Six such samples were handled simultaneously.
After thoroughly distributing the suspension in each 
dish, the water was drained slowly from the bath leaving 
fibres randomly deposited on the slides.
11
Fibres were mounted in glycerol and the lengths of 
their projected images (x 90) measured«
Determination of the sample size was based on the 
formula given by Harris (1966):
n = r^l]2 where n = number of fibresL e J
t = normal deviate (ca„2) 
c = coefficient of variation ($) 
e = error ($)
Coefficients of variation (each based on 400 fibres) for 
growth rings typical of corewood and mature wood were 
10 and 12 per cent respectively« For an error no greater 
than 3 per cent at the 95$ confidence level a count of 
at least 70 fibres was necessary« One hundred fibres 
finally was chosen as the sample size and fibres were 
measured in four groups each of twenty-five«
In rings for which fibre length frequency 
distributions were prepared, the lengths of fibres were 
individually recorded«
12
PART B FIBRE LENGTH AND WOOD DENSITY VARIATIONS IN
SEEDLINGS
3 o INTRODUCTION
Controlled environment conditions have been 
increasingly used in recent years to examine the effects 
of different environmental factors on properties of 
forest tree seedlings. The effects of photoperiod, 
light intensity, day and night temperature regimes, and 
water availability on cell length and wood density have 
been examined, mainly for gymnosperms.
The advantages of using phytotron facilities such 
as controlled environment glasshouses or cabinets are 
firstly, many regimes and combinations of regimes can be 
considered and secondly, less replication is necessary. 
Therefore a phytotron is particularly suitable for 
analysing the effects on plant characteristics of 
interactions between different factors.
Objectives of the present phase were:
(1) to examine the effects of controlled temperature 
regimes on fibre length and basic density of 
seed!ings;
(2) to compare the magnitudes of the environmental 
effects with those due to genotypic differences 
among open-pollinated seedling families;
(3) to determine the importance of genotype x 
environment interaction effects on fibre 
length and wood density variations.
Two experiments were carried out to satisfy these 
objectives s
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(1) progenies from three open-pollinated parents 
were grown in each of five controlled 
temperature regimes. The design was intended 
to indicate a suitable number of replicates 
per family for a more extensive examination of 
between family variations;
(2) progenies from a considerable number of 
open-pollinated parents were grown in each of 
three environments; two were controlled 
temperature environments but the third 
environment was uncontrolled„ Different 
combinations of these three environments 
enabled comparisons of genotypic expression in 
controlled and in uncontrolled environments.
*
Throughout the thesis the term ‘family’ refers 
collectively to the progenies from a parent tree and 
‘progeny1 refers to an individual plant0
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4 • ENVIRONMENTAL EFFECTS ON FIBRE LENGTH
AND WOOD DENSITY
4.1 Literature
4,1.1 CELL LENGTH
Results available from controlled environment 
studies indicate that an increase in daylength, light 
intensity, or temperature results in an increase in 
cell length.
Richardson and Dinwoodie (i960) examined the 
effects of various ’day/night' temperature regimes on 
tracheid length and cell wall thickness of seedlings of 
Pseudotsuga menziesii and Sequoia sempervirens. Tracheid 
length was greater at higher day or night temperature, 
although statistical analysis suggested night temperature 
was considerably more effective than day temperature.
In the next experiment day temperature was fixed and 
the effects of nine different ’light intensity/night 
temperature’ regimes investigated using Picea sitchensis 
seedlings ’Dinwoodie and Richardson, I961). Tracheid 
length was greater both at higher light intensity and at 
higher night temperature. Tracheid length also increased 
in short stem sections of P.sitchensis seedlings subjected 
to a temperature 5°C above the ambient level (Richardson 
and Dinwoodie, 1964) and fibre length was longer at 
24/l9°C (day/night temperature) than at 18/l3°C for 
young ramets of Eucalyptus carnaldulensis grown in
phytotron environments (Rudman, 1 9 6 9 ) 0
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Dinwoodie and Richardson (op0cit0) observed that 
tracheid length was greater at longer daylength, 
irrespective of the decrease in light intensity, and 
since length was greater at higher light intensity in 
the first study, the change was apparently a response 
to the rate of growth rather than to the light regime. 
They adjusted the light intensity and night temperature 
treatment mean squares for differences in height by a 
covariance analysis, although this analysis was 
inappropriate because both height and tracheid length 
were affected by the treatments.
Average height growth and average cell length for 
different treatments were related in several other 
investigations. Hartley (i960) reported a positive 
correlation between average tracheid length and average 
height of seedlings for different fertilizer treatments 
in a factorial experiment with Pinus radiata. Also, 
positive correlations between height growth and fibre 
length were observed for 2- and 3-yea*'-old coppice stems 
of Populus trichocarpa (Kennedy, 1957; Cech et al., i960) 
and for 1-year-old sprouts of Acer rubrum (Saucier and 
Taras, 1966)„
However, insufficient evidence is available to 
unequivocally establish a causal effect of cambial 
activity on cell length. The correlations presented by 
Rudman (1969) for ramets of E .carnaldulensis suggest 
genotype x environment interactions may be important and 
differ for different characteristics. When only one 
clone was considered the correlations between height and 
fibre length were inconsistent, being positive though 
not significant at 18/13°C (+0.37) but negative and
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highly significant at 27/22°C (-0»97)= Comparing several 
clones, the corresponding correlations were both negative 
though not significant (-0.19 at 18/13°C and -O.58 at 
27/22°C).
The presence of significant genotype x environment 
interactions among progenies of mixed parentage could 
affect the observed relationship between size and cell 
length within particular environments. It therefore is 
unfortunate that most previous investigations have been 
based upon material of unspecified genetic origin.
4.1.2 WOOD DENSITY
A greater number of investigations have been made 
into the effects of controlled environment factors on 
wood density than on cell length. Generally, the basic 
cell dimensions (viz0 cell diameter and cell wall 
thickness) were considered rather than wood density.
Van Bu.ijtenen (1958) observed significant effects 
of controlled temperature, daylength, and soil moisture 
on radial tracheid diameter and wall thickness of Pinus 
taeda seedlings. The effects of both temperature and 
moisture were pronounced. Higher night temperature 
resulted in smaller wall thickness without affecting 
cell diameter, this being attributed to lesser 
assimilation of carbohydrates than at low night 
temperature. Conversely, greater soil moisture resulted 
in larger average cell diameter but had no effect on 
wall thickening. Although the effects of daylength on 
wall thickness and cell diameter were significant, they 
were small and inconsistent. Tracheid diameter was
17
slightly less at the intermediate daylengths (12 and 15 
hours) than for either 10 or 18 hours: but tracheid wall 
thickness was greater at 10 and 15 hours daylength than 
for either 12 or 18 hours.
Subsequent examinations of the effects of 
temperature also showed that when the level of 
illumination was high, higher night temperature resulted 
in less dense wood (Richardson and Dinwoodie, i960,
1964; Dinwoodie and Richardson, I96I; Waisel and Fahn, 
1965)0 When the differences in both cell diameter and 
cell wall thickness were examined, temperature usually 
had a greater effect on the latter» However, after 
subjecting short stem sections of Picea sitchensis 
seedlings to a temperature 5°C higher than the ambient 
level, Richardson and Dinwoodie (1964) observed that 
cell lumen diameter increased, but wall thickness was 
unaffected, probably because net assimilation of the 
plants would not have changed.
Under conditions of controlled temperature, both 
light intensity and daylength were shown to affect wood 
density of P .sitchensis seedlings (Dinwoodie and 
Richardson, 1961)», However, these factors apparently 
interacted, total effective illumination being more 
important than total illumination. When daylength was 
constant, wood density was greater at higher light 
intensities, the difference being larger between the 
800 lux and 5 5000 lux regimes than between the latter 
and 10,000 lux. In the second part of the experiment, 
daylength and light intensity were varied inversely so 
that for each photoperiod regime the total illumination 
was identical„ Despite the decrease in light intensity,
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wood density was greater under longer daylengths. In 
both studies light was used more effectively at lower 
intensities and the differences in seedling size 
parallelled those in average wood density.
Under uncontrolled temperature conditions, Wodzicki 
(1961a) observed that long days (continuous light) 
maintained production of thin-walled earlywood cells in 
Larix poloniea seedlings whereas transfer to short days 
stimulated an increase in wall thickening after a time 
lapse of about three weeks. Return to continuous light 
was accompanied by a decrease in wall thickening again 
after a similar time lapse. Balatinecz and Farrar (1968) 
likewise observed that long days caused a reduction in 
wood density of Larix laricina seedlings.
Two experiments have demonstrated temperature x 
light interaction effects on wood density, and their 
possible interference should be considered when 
interpreting results from other investigations.
Although the interaction was not statistically 
significant, the differences in wood density under 
different night temperature regimes depended upon the 
light intensity (Dinwoodie and Richardson, 1961). At 
high light intensity, density was less at higher night 
temperatures but at low light intensity density was 
greater at higher night temperatures. This interaction 
was explained in terms of net assimilation. At high 
light intensity, night temperature had little effect on 
total leaf weight and on leaf retention and so higher 
night temperature resulted in relatively greater 
respiration and thus relatively less assimilation.
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However, at low light intensity, crown development 
parallelled the change in night temperature and greater 
crown development and photosynthesis at higher night 
temperature resulted in greater assimilation and hence 
in more dense wood.
An interaction effect between daylength and 
temperature on wood density was observed for Robinia 
pseudoacacia seedlings by Waisel and Fahn (1965).
Seedlings were raised in one, or a combination of two 
1daylength/temperature 1 regimes. At low temperature, 
wood density was high under short daylength conditions 
but the ’short daylength/high temperature’ regime caused 
a growth flush from the auxiliary buds, accompanied in 
close proximity by earlywood formation.
This localized influence of bud development is 
evidence of hormonal Influence in mediating the effects 
of temperature and light on wood density. Wodzicki 
(1961a) found that covering the terminal shoot and 
removing the lateral shoots of Larix polonica seedlings 
caused cessation of terminal shoot growth, a decrease in 
tracheid diameter, and hence an increase in density.
Wall thickening was not affected suggesting it was 
controlled independently of cell diameter. Further 
results from decapitation and stem-ringing experiments 
substantiated hormonal control of tracheid diameter 
independently of the control of wall thickness (Wodzicki, 
1961b). Terminal shoot activity was also shown to control 
the ’earlywood/latewood' transition in Pinus resinosa 
(Larson, i960), decapitation preventing earlywood 
production under long daylength conditions. Balatinecz 
and Farrar (1968) observed that exogenously applied
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indoleacetic acid promoted cell enlargement in Larix 
1aricina seedlings but that tri-iodobenzoic acid had the 
opposite effect.
4c1.3 SYSTEMATIC VARIATIONS
Although many investigators examined systematic 
variations in cell length or basic density within large 
trees, only one investigation, to the author's knowledge, 
concerned variations within young plants. Saucier and 
Taras (1966) examined seven sprouts from each of two 
clones of Acer rubrum growing within 50 feet of each 
other, fibre length and basic density being estimated 
for samples from the middle of the internodes. Analyses 
indicated basic density did not differ significantly 
with height except in the internodes close to the apex 
whereas fibre length became progressively shorter from 
the base to the apex of the sprout.
4.2 Materials
To investigate the effects of temperature on fibre 
length and wood density, open-pollinated progenies from 
parent trees, one each from Erica, Powelltown, and 
Toolangi, were grown in each of five controlled 
temperature environments in the C.S.I.R.0o CERES 
Phytotron, Canberra, A.C.T. It was thought more desirable 
to sample trees from sites throughout the species optimum 
range than from a specific site. Each glasshouse was 
controlled to within +_ 1°C, with a 'day/night' temperature 
differential of 5°C; temperature changes occurred at 
8 o00 a.m. and at 4.00 p.m. Although light intensity was 
not controlled, daylength was extended to 16 hours by
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means of two sets of four low-intensity incandescent 
lamps. Other incompletely controlled environmental 
factors were humidity and air turbulance.
Each seed batch for the experiment was drawn from 
a thoroughly mixed collection for each parent. After 
four weeks stratification at 2°C the seeds were 
germinated in the glasshouse maintained at 2l/l6°C 
(day temperature/night temperature). Most seeds 
germinated within ten days but were left for another 
week before pricking into peatmoss jiffy pots. On l4 
November, 1966 seedlings of similar size were set into 
six-inch-diameter plastic pots containing a mixture of 
perlite and vermiculite in equal proportions. Three 
randomly selected progenies per family were transferred 
to each of five phytotron glasshouses, maintained at 
18/13°C, 2l/l6°C, 24/l9°C, 27/22°C, and 30/25°C 
respectively; after a week, the 30/25°C environment had 
noticeably retarded growth and therefore all plants were 
transferred down 3°C to the glasshouses 15/lO°C, 18/13CC,
2l/l6°C, 24/l9°C, and 27/22°C respectively. On 10 
February, 1967 all plants were repotted in 
9-inch-diameter pots.
During the experiment plants were watered with 
half-strength Hoagland1s complete nutrient solution in 
the morning and with tap water in the afternoon. The 
effects of environmental variations within each 
glasshouse were minimized by regularly rearranging the 
plants. Stems were tied to stakes to prevent stem sway 
and hence tension wood formation.
The seedlings were measured at fortnightly intervals 
commencing about eight weeks after germination; total
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height and number of leaves subtended from the apex were 
measured from 20 December, 1966 whereas stem diameter 
15 cm above the shoot base was measured from 17 January,
1967.
Unfortunately, at age 15 weeks an abnormal fumigation 
treatment in the 2l/l6°C glasshouse caused leaf shed and 
a. considerable setback in growth for seedlings in this 
regime. Observations on these seedlings were continued, 
but they were excluded from all statistical analyses.
All plants were harvested on 12 May, 1967 after 28 
weeks growth; total height varied from about 150 to 350 
centimetres.
4 .3 Methods
4.3.1 FIBRE LENGTH AND WOOD DENSITY
For the examination of wood properties, each
seedling was sampled by removing a section of the stem
*one centimetre in length from the internode between the 
fifth and sixth pair of true leaves.
After saturation in water (using a vacuum apparatus), 
the basic density of each sample was determined by the 
maximum-moisture-content method. With small specimens, 
errors in the determination of either the saturated 
weight or the oven-dry weight may considerably affect 
the value for basic density. Error in the saturated 
weight determination was minimized by quickly blotting 
and then transferring the wet sample to a sealed bottle,
*
Leaves in E .regnans remain strictly opposite only for 
three to four pairs above the cotyledons and the internode 
referred to is the longer member of the two between 
corresponding leaves of successive pairs.
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which minimized evaporation during the subsequent weighing 
operation. Error in the oven-dry weight determination 
was minimized by handling only five samples in the 
desiccator simultaneously.
Basic density was calculated from the formula:-
n = __________i___________o ¥ -¥r max o -| + 1
1 J 1.53o
where B0 = basic density (g/cc)
¥max = weight of saturated sample (s)
¥ 0 = oven-dry sample weight (g)
1.53 = density of wood substance (g/cc)
Fibre length for each sample was determined as in
Section 2 .5 . An end-matched wood sample from each 
seedling was reduced to 3 mm dia„ and its average fibre 
length and basic density were also determined.
4 .3.2 SYSTEMATIC FIBRE LENGTH VARIATIONS
Examination of fibre length at different positions 
within seedling stems was made for one seedling randomly 
selected from each of the five controlled temperature 
environments. The seedlings chosen were numbers 2 013 > 
6 .1 , 6 „1 1 , 9 .15,and 6 .1 9 . Stem sections 1 cm in length
were removed at the following percentage heights: 5» 10,
20, 30, 4 0 , 50, 60,and 80 per cent of total height. 
Radial sampling was based on the following diameter 
classes: 2-3» 3-6, 6-9» 9-12, 12-15»and 15-18 mm. ¥ood
in these diameter classes was separated by means of a 
hardened steel plate through which appropriate-sized 
holes were drilled.
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Each dry sample, stripped of bark, was tapped 
through the largest hole commensurate with its outside 
diameter and then through successively smaller holes. 
Finally, the pith zone, less than 2 mm dia. was 
discarded. The wood came off in slivers which were 
transferred to labelled sample bottles.
Fibre length for each sample was determined as in 
Section 2.5. This method of preparation prevented a 
corresponding determination of basic density.
4 B4 Results
4.4.1 SYSTEMATIC FIBRE LENGTH VARIATIONS
Total height, diameter 15 cm (approx. 6 per cent) 
above the base, and mean fibre length at 10-percentage 
height levels in each of the five seedlings examined are 
given in Table 1. The systematic radial and vertical 
fibre length variations within each seedling are 
illustrated in Fig. 1.
At all height levels, fibre length was greater at 
greater distances from the pith, the rate of increase 
being noticeably greater in the stem section above 20 
per cent of tot.al height. In the 2-3 mm dia. zone 
surrounding the pith, fibre length was similar at 
different heights. However, beyond this zone, fibre 
length at given distances from the pith increased at 
higher levels to a maximum and thereafter decreased. 
Although total height varied from 2l4 to 303 centimetres, 
maximum fibre length consistently occurred in the stem 
section between 20 and 30 per cent of total height.
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Table 1. Average fibre length (mm) at percentage
heights in 28-week-old E .regnans seedlings.
Tree Number
Percentage
Height
2.13 6 .1 6.11 9.15 6.19
Day/Night Temperature Regime (°C)
15/10 18/13 21/16 24/19 27/22
5 0.47 0.52 0.55 0.50 0.58
10 0.48 0.55 0.57 0.52 0.60
20 0.51 0.57 0.58 0.53 0.61
30 0.50 0.56 O .58 0.52 0.61
4o 0.50 0.54 0.56 0.52 0.58
50 0.45 0.54 0.56 0.49 0.57
60 0.44 0.53 0.54 O 4=- 00 0.54
70 0.42 0.51 0.53 0.46 0.54
80 0.42 0.48 0 . 49 0.4l 0.52
Total Ht 
(cm) 214 250 278 303 294
Diameter 
at 15 cm 
above base 
(cm)
1.30 1.30 1.05 1.85 1.4o
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Fig. 1. Fibre length variations with height at 
given distances from pith in seedlings 
grown in controlled temperature environments.
Seedling numbers: 2.13» etc.
Temperature (°C): 15/10, etc.
<3» 3-6, 6-9, 9-12, 12-15,
and 15-18 mm.
Diameter classes:
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4.4,2 EFFECTS OF TEMPERATURE
Total height, diameter 15 cm above the base, number 
of internodes, mean internode length, fibre length, and 
basic density for each of the 45 seedlings examined are 
given in Appendix A. Progeny averages for height, 
diameter, mean internode length, fibre length, and basic 
density of each family are given in Table 2, and are 
illustrated in Fig. 2.
These graphs and the univariate analyses of 
variance summarized in Table 3 indicated very highly 
significant temperature effects (0.1$) on each of the 
five variables. However, the parent effect was 
significant only for fibre length (0.1$).
Height, diameter, and fibre length were greater at 
higher temperatures in the range 15/lO°C to 24/l9°C but 
were smaller at 27/22 C than at 24/l9°C. Mean internode 
length was slightly greater at both 18/13°C and 24/l9°C 
than at 15/lO°C but was considerably less at 27/22°C 
than at 24/l9°C. However, since the number of internodes 
was greater at higher temperatures throughout the range 
examined, mean internode length as a percentage of total 
height decreased consistently at higher temperatures.
The variations in average wood density at different 
temperatures differed from those for fibre length.
Density for two of the parents was smaller at higher 
temperatures but that for the third parent was minimal 
at 24/l9°C and greater at 27/22°Co
Although the univariate analyses of variance given 
in Table 3 indicated which differences between parent and 
temperature treatment means were significant, they gave
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Table 2. Average progeny data Tor seedling families 
of E c regnans.
Temp.
Regime
Parent 
No .
Height
(cm)
D i am . 
(mm)
Mean 
Int. 
Length 
(cm)
Fibre 
Length 
(m m )
Bas ic 
Density 
(g/cc)
15/10°C 2 192 11.7 13.1 0.342 0.403
6 201 11.7 13.4 0.381 0.399
9 215 14.2 l6.6 0.362 0.402
Mean 203 12.3 15.7 0.362 0.402
18/13°C 2 269 17.2 16.3 0.371 0.392
6 268 13.2 17.3 0.627 0.366
9 247 15.3 16.9 0 . 600 0.353
Mean 262 15.9 17.0 0.399 0.371
21/l6°C* 2 262 11.0 13.6 0.644 0.336
6 250 10.7 13.9 0.663 0.369
9 245 12.2 13.8 0.649 0.371
Mean 232 11.3 13.8 0.653 0.359
24/19°c 2 323 17.3 16.6 0.634 0.331
6 313 17.2 17.6 0.672 0.342
9 329 17.5 16.7 0.649 0.358
Mean 323 17.3 17.0 0 . 638 0.344
27/22°C 2 269 13.3 13.0 0.619 0.348
6 238 11.0 14.3 0.660 0.330
9 296 13.7 14.3 0.637 0.328
Mean 274 12.7 13.9 0.639 0.335
Notes: 1. There were three progenies/family in each
of the five controlled temperature regimes.
* Seedlings grown at 2l/l6°C were damaged at 
15 weeks, so were excluded from statistical 
analyses.
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Fibre Length (mm.) Height (cm.)
Basic Density (g./cc.) Mean  ^ Int. Length (cm.)
Diameter (mm.)
<o o> ro 3
Fig. 2. Progeny average data for three families in 
controlled temperature environments.
Each value is based on three 28-week-old 
seedlings.
30
Table 3» Univariate analyses of variance for data on 
28-week-old seedlings.
S ource D.F. Mean S quare
Variance
Ratio
HEIGHT (cm)
Temp. 3 22043.4 42.78***
Parent 2 395-9 0.77
T x P 6 579.5 1.12
Error 24 515.3
DIAMETER k m m )
T e m p . 3 51.84 17.73***
Parent 2 6.72 2.30
T x P 6 3.22 1.10
Error 24 2.92
MEAN INTERNODE LENGTH (cm)
T e m p . 3 I8.96 1 2 .79***
Parent 2 3.10 2.09
T x P 6 0.70 0.47
Error 24 1.48
FIBRE LENGTH (mm x 100)
Temp. 3 165.40 88.13***
Parent 2 45.06 24.01***
T x P 6 2.31 1.23
Error 24 1.88
BASIC DENSITY (g/cc x 100)
Temp. 3 81.56 2 0 .86***
Parent 2 3.36 0.86
T x P 6 6.06 1.55
Error 24 3.91
31
no indication of associations between height, diameter, 
fibre length, and basic density at the individual seedling 
level. Since these responses are interdependent, it is 
desirable to consider the correlations between them as 
well as the differences between means, and for this 
multivariate analyses were made.
Principal component analysis determines the
dimensionality of the variation and the following notes,
adapted from Kendall (1965) outline this approach. The
general multivariate model is a set of n individuals for
each of which there are p observed variates x n ..... x ,I p ’
dependent among themselves.
Component analysis transforms these original
variates to new uncorrelated linear variates
..... £ where:1 P
£ i
P
£
j=l qijxj
These variates account for as much of the total variation
as possible in descending order. The variance of £  ^ is
given by the eigen value (X^) of the covariance matrix
and the corresponding eigen vector comprises the set of
multipliers q _  where j = l..0p. Before calculating
each of the variates x^ . is standardized by reducing it
to unit variance and therefore q. . indicates the relative1 J
importance of x. in It may be that the first one or
two new variates account for almost all the total 
variation, say 90 per cent, in which case it may be 
reasonable to neglect the remaining variation.
Principal component analysis of the correlation 
matrix relating height, diameter, fibre length, and basic 
density showed that 90 per cent of all the experimental
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variation for these variates was vested in two component 
vectors associated with seedling size (Table 4).
Table 4. Principal component analysis for data on 
28-week-old seedlings.
E igen 
Value s
Eigen Vector Multipliers"*"
Height Diameter FibreLength
Bas ic 
Density
2.37 0.37 0.37 0.37 -0.46
1.09 -0.26 -0.73 0.28 -0.37
0.22 0.38 -0.47 0 . 46 0.66
0.11 -0.68 0.33 O .63 0.19
3.99
Note: 1. Each of the variates was first standardized
by reducing it to unit variance, so the 
multipliers in each vector are directly 
comparable.
The more important vector combined large size (height and 
diameter), long fibre length, and low basic density and 
accounted for two-thirds of the total variation 
(2.37/3.99)* The other important component combined 
large size, short fibre length, and high basic density. 
The third and fourth vectors, which represented seedling 
shape, together accounted for only 10 per cent of all 
variation and therefore were of little importance.
Multivariate analysis of variance aims to determine 
which independent linear components of the total 
variation are associated with treatment effects. First,
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tie sum of squares and cross-products matrices for the 
temperature (t ), family (f ), temperature x family 
interaction (TF) effects, and for the residual error 
(l) are derived. The components of variation associated 
W-th, for example, the family effect are then obtained 
bT extracting the eigen vectors for the product matrix 
I E 1 . The eigen vector corresponding to the largest 
e^gen value is the linear combination of variates having 
tie largest variance ratio. The significance of the 
e-gen value may be tested by reference to charts such as 
tiose of Heck (1960).
Results of the multivariate analysis of variance 
(Mable 5) showed both important principal components were 
associated with the temperature effect but that only the 
hsser component was associated with the family effect. 
Tius if progenies of one family were larger than those 
o' another they had shorter fibres and more dense wood.
The large positive correlation between average size 
aid average fibre length for different treatments, shown 
br the most important eigen vector in the principal 
cimponent analysis, supported correlations observed in 
o:her investigations. Although correlations between 
s.ze and fibre length for progenies of each family in 
eich environment were not calculated as there were only 
tiree replicates, there were no obvious associations.
The analyses of data for the 3 nun dia. samples were 
iitended to overcome any confounded size effects in the 
results based on whole cross-sections. The progeny 
averages for fibre length and basic density for each 
fimily are given in Table 6 and univariate analyses of 
viriance are presented in Table 7.
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Table 5. Multivariate analysis of variance for data 
on 28-week-old seedlings.
Source
Eigen“*-
Values
2Eigen Vector Multipliers
Height Diameter FibreLength
Basic
Density
Temperature 23.29*** -1.65 -0.84 -1.66 1.45
1 .63** 3.65 11.03 -0.81 3.54
Family 2 .31** -0.20 -0.85 • 1.58 -0.45
Temp, x Fam. 3N.S.
Notes: 1. Significance of the eigen values was tested
with reference to the charts published by 
Heck (1960). Only the significant values 
are presented.
2. Each variate was first standardized by 
reducing it to unit variance.
3. N.S. - Not significant.
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Table 6. Average progeny data for 3 mm dia. samples from
seedlings^ grown in controlled temperature regimes.
Parent
No.
Fibre
Length
(mm)
Basic
Density
Cg/cc)
2
15/10°C
0.472 0.417
6 0.472 0.408
9 0.502 0.414
Mean 0.482 0.413
2
18/13°C
0.471 0.415
6 0.530 0.371
9 0.496 0.388
Mean 0.499 0.391
2
21/16°C*
0.509 0.364
6 0.567 0.381
9 0.539 0.398
Mean 0.538 0.381
2
24/19°C
0.497 0.383
6 0.549 0.392
9 0.509 0.418
Mean .0.518 0.398
2
27/22°C
0.486 0.413
6 0.549 0.380
9 0.515 0.400
Mean 0.517 0.398
Notes: 1. There were three progenies per family in each
environment.
* Although seedlings grown at 21/16 C were damaged 
when greater than 3 mm dia., they were 
nevertheless excluded from the statistical 
analyses.
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Table 7* Univariate analyses of variance for data, on
3 mm dia. samples from 28-week-old seedlings.
Source D.F. Mean S quare
Variance 
Rat io
FIBRE LENGTH (mm x 100)
Tem p . 3 25.83 4.71 *
Parent 2 57.60 10.30 ***
T x P 6 10.22 1.86
Error 24 3.48
BASIC DENSITY (g/cc x 100)
T e m p . 3 7.45 3.04 *
Parent 2 13.62 5.56 *
T x P 6 6.75 2.76
Error 24 2.43
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The differences in fibre length between temperatures 
were significant (5$)? the trend with increasing 
temperature substantiating the results for the whole 
cross-sections. Moreover, the parent effect on fibre 
length in the 3 mm dia. samples was again very highly 
significant (0.1$).
Both temperature and parent effects on basic 
density in the 3 mm dia. samples were significant (5$), 
density being minimal at 18/13°C. Average progeny 
density was greater at 24/l9°C than at 18/l3°C and this 
relationship was contrary to the trend observed for the 
whole cross-sections.
This experiment (three replications per family per 
treatment) was sufficiently sensitive to demonstrate 
significant effects of parent and temperature on fibre 
length and basic density for samples only 3 mm in 
diameter. It therefore provided a sound basis from 
which to plan the investigation of fibre length and 
wood density differences among a large number of 
open-pollinated seedling families.
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5. INHERITANCE OF FIBRE LENGTH AND WOOD DENSITY
5 .1 Literature
In early literature inferences about genetic control 
of wood properties were often made from evidence of 
variations found for trees from existing natural 
populations: viz.
(1) between tree variation;
(2) between site variation;
(3) between geographic area variation.
Zobel (1964) asserted that such phenotypic variation was 
not proof of genotypic variation and properly designed 
and analysed clonal or seed progeny tests were necessary 
to determine the genotypic component.
1.1.1 QUALITATIVE EVIDENCE FOR GENETIC CONTROL
Research into the effects of hybridization or 
controlled-pollination, and comparison of provenances 
grown in specific environments will qualitatively 
indicate genotypic variation. An early investigation 
for a hybrid larch was made by Chowdbury (1931)» 
tracheid length in trees of the hybrid species being 
intermediate to the values for the two parent species.
Evidence supporting genotypic variation for wood 
and bark characteristics in eucalypts was obtained by 
examining two natural hybrid swarms, E .robertsoni x 
E .rossii and E .elaeophora x E .maculosa respectively 
(Pryor et a l ., 1956)0 The segregation observed for
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certain external morphological characteristics in 
seedling progeny tests verified the existence of 
hybridization. Basic density, fibre length, and several 
other characteristics for trees of the hybrid swarms 
were either intermediate to or not significantly 
different from those for trees of the corresponding 
parent species. Subsequently, wood properties for three 
progenies of a manipulated F^ hybrid E.maideni x E ,rubida 
were compared with those of the female parent (E ,maideni) 
and trees from the same stand of E .rubida as the male 
parent (Pryor and Dadswell, 1964). At comparable age, 
fibre length and basic density of the hybrids were 
intermediate to those of the parents.
Some early observations of genotypic variation for 
wood density in Pinus taeda were based on two trees, one 
having high and the other having low density (Zobel and 
Rhodes, 1957); open-pollinated progenies from each 
parent were grown at two sites. Average progeny basic 
density was highly significantly correlated with the 
corresponding parent value. Twelve-year-old, presumably 
selfed progenies from three isolated parent trees were 
also examined and there was a positive correlation 
between parent and average progeny densities. However, 
this selfed material was not entirely satisfactory 
because the data indicated a size effect confounded the 
estimates of density for different families.
Further evidence of genotypic variation for density 
in P .taeda came from an examination of 
controlled-pollinated progenies by Brown and Klein 
(1961). Crosses were made between parents having high 
wood density, between parents having low wood density,
4o
and between parents one with high and the other with low 
density« Significant differences in density were 
observed between 2-year-old progenies from the different 
crosses and the ranking of average progeny densities 
parallelled that for the densities of the corresponding 
parents.
Hereditary control of tracheid length was shown for 
P „taeda and P .elliottii using branch material from trees 
less than five years old (Jackson and Greene, 1958). In 
an open-pollinated seedling study, tracheid length was 
examined for ten progenies from each of seven P.elliottii 
parents and from each of three P .taeda parents. Average 
progeny tracheid length was positively correlated with 
that for the corresponding parent„ With 
controlled-pollinated material, tracheid length was 
intermediate to the estimates for the parents in five of 
the seven intra- or interspecific hybrid series and it was 
concluded the maternal influence was stronger. However, 
examination of the data suggested this conclusion was 
doubtful since in every case the average progeny tracheid 
length was closer to the parent having minimum length 
irrespective of it being female or male. Genotypic 
variation for basic density in P .taeda and P.elliottii 
was also demonstrated using branch material (Jackson and 
Warren, 1962).
Within ring density variations demonstrated inherent 
differences between trees of P ,elliottii var elliottii.
P ,caribaea var hondurensis, and their hybrid (Slee,
1968). In trees from a depression site the hybrid 
produced an intermediate quantity of high density wood 
although its density differed very little from that of 
P .caribaea in trees from a ridge sitec
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Provenance trials have shown significant variations 
in fibre length and wood density for most species 
examined.
Basic density for certain Picea abies provenances 
differed significantly (Parrot, i960) and with grafts 
established from plus-trees of Pinus sylvestris and 
Picea abies in Sweden, substantial basic density 
differences existed between clones (Ericson, i960); 
relative basic densities (i.e. adjusted by regression 
for variations in tree size) of corresponding parents 
and clones were significantly correlated.
Small differences in initial tracheid length were 
observed between four even-aged Pinus pinaster 
provenances (Leiria, Landes, Corsican, Esterol) similar 
in size and grown under similar cultural conditions 
(Bisset et al., 1951)j tracheid length was greatest for
the Leiria strain and least for the Corsican strain.
The latter was again found inferior to the other three 
strains for both tracheid length and basic density by 
Nicholls (1967a).
One of four Picea sitchensis provenances examined 
had significantly higher wood density (Jeffers, 1959) 
while significant provenance differences for tracheid 
length in this species were demonstrated by Dinwoodie
(1963).
There were no significant differences in tracheid 
length between trees from six commercial seed sources of 
Pinus taeda (Thor and Brown, 1962), but one provenance 
had a significantly lower average basic density than 
three of the other five. Likewise, average progeny
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density, but not fibre length, was related significantly 
to seed source in 5-year-old Eucalyptus grand is (ßamber 
and Humphreys, 1963)0
Significant differences in basic density and fibre 
length occurred between two 5-year-old families of both 
diploid and triploid Populus tremuloides varieties and 
for the triploid hybrid P .tremuloides x tremula 
(Einspahr et al., 1968).
5*1.2 QUANTITATIVE EVIDENCE FOR GENETIC CONTROL
Much of the following discussion of population 
genetics theory is taken from Falconer (1964) whose 
examples related mainly to animals and insects. The 
causes of major variations in zoological and botanical 
populations sometimes differ because of reproductive 
systems, in which case the present discussion is biased 
towards the latter.
The quantitative assessment of genetic and 
environmental control for metric characters is based 
primarily upon the apportioning of phenotypic variance 
(V ) into that which is genetic and that which is 
non-genetic in origin, thus:
V + V G E
[V + V + V 1 + V 1 A D I J E
(1 )
The genotypic variance (V ) comprises additive (V ) , 
dominance (v^), and interaction (v^) components which 
measure variance of the breeding value, dominance 
deviation, and epistatic deviation respectively. The 
additive variance is a statistical measure of the
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resemblance between relatives resulting from sexual 
propagation and, as a proportion of phenotypic variance 
(V^/Vp),is termed the narrow sense heritability. This 
can be used for predicting the response to selection»
The dominance variance is a measure of the 
intra-allelic interaction while the epistatic variance 
measures interallelic interaction plus any linkage.
This non-additive genotypic variance may be useful for 
an improvement programme based on vegetative propagation 
or on interspecific and interecotypic hybridization.
The total genotypic variance as a proportion of phenotypic 
variance (V /V ) is termed broad sense heritability.
Since vegetative propagation in conjunction with 
tree selection offers the opportunity to secure a high 
genetic gain more quickly than by sexual propagation, 
broad sense heritability estimates have been and will 
continue to be of considerable importance in tree 
improvement programmes.
A factor which inflates the phenotypic variance in 
an experiment and may be important in forestry is the 
genotype-environment correlation, i.e. the genotypic 
values and environmental deviations are not independent, 
as is assumed in Equation 1. Competition between trees 
may partly result from genotype-environment correlations; 
it biases the estimate of genotypic variance but is not 
fully understood and warrants a greater research effort 
(Stern, 1964). Singh (1967) developed a basis for the 
evaluation of competition effects on the results of 
selection experiments with forest trees.
Another important factor which may influence 
phenotypic variance is the genotype x environment
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interaction. This is expressed if a specific difference 
in environment has different effects on different 
genotypes. When large changes in environment are 
involved, such as between different habitats, the genotype 
x environment interaction component may considerably 
influence the average genotypic response and should be 
regarded as part of the environmental variance (Namkoong 
et a l o, 1966)0 If favourable, this type of variance may
be extremely useful since a desirable genotype for a 
particular area may then be utilized by vegetative 
propagation.
Experimentally, the resemblance between relatives 
is estimated not from the causal components but by 
partitioning the phenotypic variance into observational 
components corresponding to the grouping of progenies
into families. Denoting the within family variance
2 2component as a and the between family component as GW _LJ
the degree of resemblance between relatives can be 
expressed as which is known as the
G 2B + G
2
W
intraclass correlation coefficient (t). The between 
family variance is also known as the phenotypic 
covariance of relatives and comprises both genotypic 
and environmental components. However, the environmental 
covariance component resulting from a common 
environmental effect on related progenies, such as 
observed with animal litters, is considered to be of 
minor importance with plants.
The genotypic covariance of relatives is composed 
of the causal variance components in varying amount 
depending on the relationship between relatives. The
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covariances for different sorts of relationship are 
as follows:
(1) Half sibs: progenies having one common parent.
Covariance of half sibs: COV ) =
(2) Full sibs: progenies having two common parents.
Covariance of full sibs:
(neglecting any 
epistatic interaction)
(3) Covariance of offspring
and one parent :
(4) Covariance of offspring
and mid-parent :
For parent-progeny relationships it is more convenient 
to calculate the covariance of offspring and parent 
from the sum of cross-products rather than from the 
between pair variance» The degree of resemblance 
between parents and their progenies is then expressed by 
the regression coefficient between them:
_ c q v(o p )
OP q2
P
2where dp is the variance of parents.
Assuming the environmental covariance of relatives to 
be zero, the phenotypic covariance equals the genotypic 
covariance of relatives. Then, the phenotypic covariance 
of relatives and the relationships between narrow sense 
heritability and either the intraclass correlation 
coefficient (t) or the regression coefficient (b) for 
half sib, full sib, and parent-progeny relationships 
respectively are;
C0V(FS) = *V*VD
c o v(o p ) = i\ 
c o v(o p ) = *VA
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Phenotypic Relationship of
2Covariance t or b to h
Half sibs 14 VA t = T h "
Full sibs 12 VA + * VD t > i h 2
Progeny and 1 v b i h2One Parent 2 A 2 11
Progeny and 2Mid-parent 12 VA b = h
Methods for estimating genotypic variance without 
the need for designed progeny experiments have also 
been developed (e.g. Toda, 1 9 5 8 ? Sakai and Mukaide, 1 9 6 7 ; 
Sakai et a l ., 1967). In particular, they have resulted 
in greater interest concerning the effects of competition 
on the observed genotypic variance. Since regular 
plantation conditions are required, the natural E ,regnans 
forest is obviously unsuitable for their application.
Literature relating to the inheritance of wood 
properties was reviewed by Zobel (1961, 1 9 6 4 , 1965), 
Goggans (1961, 1962), Hattemer (1963), Harris (1965a),
Van Buijtenen (1965)? and Smith (1967). Zobel (1 9 6 4 ) 
discussed inadequacies of past research into the 
inheritance of wood properties. He ascribed the greatest 
confusion to the manner in which heritability estimates 
were calculated and enumerated the following points that 
should be explicitly stated:
(1) whether broad or narrow sense heritability;
(2 ) whether the heritability estimate is based 
on family means or on individual progeny 
value s ;
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(3) description of the experimental design to 
justify the procedure for estimating variance 
c omponents;
(4) confidence limits for the heritability 
estimate.
Strictly, heritability is a parameter for a 
particular experiment, applying only for the specific 
environmental conditions and the specific population 
from which the sample of parents is drawn (Zobel, I96I; 
Hattemer, 1963; Harris, 1965a). The precision of the 
heritability estimate is strongly influenced by the 
sampling variance and an experiment designed to minimize 
this variance is most desirable. Therefore, despite 
their general usage, progeny tests or provenance tests 
may not be suitable for estimating heritability 
efficiently (Hattemer, 1963; Stonecypher, I966).
The precision of heritability estimates is also 
strongly influenced by the number of families, 50 or 
more being necessary for reasonably narrow confidence 
limits (Harris, 1965a). Estimates based on fewer than 
ten families are virtually meaningless but, unfortunately, 
this applies to some of the published literature.
The usefulness of heritability estimates in practice 
depends to some extent on the population from which the 
parents are drawn. Heritability is biased by using 
progenies from selected parents and therefore many of 
the estimates published are too high. Heritabilities 
based on open-pollinated progenies from parents sampled 
in natural stands are, strictly, unsuitable for 
predicting genetic gains in progenies from seed orchards 
because the pollen source for the seed orchard differs
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from that for the natural population (Van Buijtenen,
1963)» Nevertheless, in practice a single estimate may 
be satisfactory for predicting genetic gains for up to 
five generations (Dr W. Scowcroft, persQ comm.).
Heritability estimates based on family means are 
appropriate to family selection since the phenotypic 
mean of a family is a more representative estimate of 
its genotypic mean than are the individual progeny values. 
Estimation of family heritability requires an experimental 
design in which each family, represented by a plot of 
trees, is replicated and examples of their calculation 
are given by Stonecypher (1966).
The foregoing discussion has indicated the 
sensitivity of heritability estimates to variations in 
experimental design. Adequate description of the design 
is therefore essential to allow interpretation of the 
results in relation to other investigations.
Although given less attention than heritability, 
estimates of genotypic correlations between traits are 
of considerable importance. Namkoong et al. (1967)
discussed the importance of genetic correlations and 
heritabilities in relation to improvement of wood 
characteristics. The observational components of 
covariance between traits are analogous to the components 
of variance for the individual traits. Consequently, 
genotypic correlations and heritability estimates are 
subject to the same sources of error and because two 
traits are involved the precision of a genotypic 
correlation is less than that of a heritability estimate.
Because estimates of both heritability and genotypic 
correlation are sensitive to variations in experimental
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design, the absolute values of these estimates should not 
be given too much importance. Rather, the objective of 
the experiment should be to obtain the most precise 
estimates possible for relative comparison of the 
inheritance of different traits so that an effective 
breeding programme may be initiated.
Broad sense heritability estimates for basic density 
and tracheid length in Pinus radial a. were given by 
Dadswell et a l . (1961). Two randomly selected ramets,
11 years old, were sampled from 22 clones propagated 
from ortets having good vigour, form,and branch habit.
In the adjacent stand, derived from an unknown 
open-pollinated seed source similar to that of the 
ortets, 29 12-year-old trees were sampled. In addition 
to average density of each growth ring, tracheid length 
and basic density were determined in the latewood.
Broad sense heritabilities were estimated by analysis of 
variance for the clonal material. The method described 
by Toda (1958) was used to estimate the broad sense 
heritabilities for the seedling material, the uniform 
site and sampling system satisfying the procedural 
requirements for use of this method. The results were 
similar irrespective of the two growth ring groupings 
employed:
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Basic Density 
(whole ring)
Basic density 
(latewood)
Tracheid
Length
(latewood)
Using means of growth 
rings 2-8 inclusive:
Clone s 0.74 0.43 0.73
Seedlings 0.37 N.E. 0.83
Using means of growth 
rings 6,7, and 8:
Clone s 0.75 0.3^ 0.81
Seedlings 0.53 N.E. 0.86
In follow-up research, narrow sense heritabilities were 
estimated using families from 33 open-pollinated trees of 
P .radiata, randomly located in each of five blocks 
(Nicholls et a l . , 1964) . Fifteen trees per family were
examined, tracheid length being determined for the last- 
formed latewood and basic density for the whole ring, 
usually the seventh from the pith. Assuming the 
progenies were half sibs, narrow sense heritabilities 
were 0.16 for basic density and 0.28 for tracheid length. 
The data indicated the family x block interaction mean 
squares for both properties were important.
Broad sense heritabilities for tracheid length and 
basic density of Pinus elliottii were estimated using 
ramets propagated from 39 ortets selected for various 
growth and form attributes, for basic density, but not 
for tracheid length (Zobel et a l ., 1962). The clones
were grown at either of two orchards and 3-10 ramets 4-6 
years old were sampled per clone. Analyses of variance 
were made for several groupings:
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(a) disregarding location;
(b) & (c) for each location separately;
(d) pooled over locations.
There were highly significant differences between clones 
for both tracheid length and density. The broad sense 
heritabilities corresponding to the different analyses 
ranged from 0.46 to O .63 for basic density of the whole 
stem section and was O .56 for latewood tracheid length 
in the third ring from the pith.
Heritability estimates for basic density in 
P.elliottii were made for limited numbers of families 
from parents having large, medium, or small gum yield 
(Squillace et al., 1962). Narrow sense heritability,
based on 133 l4-year-old controlled-pollinated trees 
representing six families, was O.56, and for 252 
open-pollinated trees in eight families, was 0.21.
Broad sense heritability, based on 31 trees from seven 
12- to l4-year-old clones, was 0.73»
Although heritability estimates were not presented, 
the investigation by Hamilton and Harris (1965) gave a 
limited indication of the importance of genotype x 
environment interactions for wood properties in 
P .elliot tii and P .taeda. Branch material was sampled 
from ramets of three clones for each species replicated 
in two seed orchards. There were significant differences 
for basic density and tracheid length between clones for 
both species, and the effect of site was significant for 
tracheid length in P ,ellio11ii and for basic density in 
P.taeda. However, in no instance was the clone x site
interaction significant.
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Various heritability estimates for basic density in 
P . taeda were made using limited numbers of families 
whose parents had either high or low density wood 
(Van Buijtenen, 1962):
(1) estimates for 1-year-old wood: 48 ramets from
five ortets differing considerably in density. 
Broad sense heritability was 0.17, which was 
very low considering the density range of the 
parent s ;
(2) estimates for 5-year-old wood: 57 ramets from
six ortets, three having high density wood and 
three having low density. Broad sense 
heritability for density in the first five 
rings from the pith was 0 .65;
(3 ) estimates for 2-year-old controlled-pollinated
progenies: 25 seedlings from each of l4
crosses between parents which differed 
considerably in wood density. Narrow sense 
heritability for density of the stem section 
was 0.37;
(4) estimates for 6-year-old open-pollinated
progenies: between 42 and 72 progenies from
17 parents having either high or low density 
wood. Each family was replicated in three 
different locations. The intraclass 
correlation for average density was 0 .32. 
Assuming the progenies were half sibs the 
narrow sense heritability estimate was greater 
than unity whereas if strictly full sibs 
(neglecting dominance) the estimate was 0.64.
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Polge and Illy (1969) presented narrow sense 
heritability estimates and genetic correlations for 
basic density in Pinus pinaster, based on East and West 
increment core samples and branch material from 237 
4-year-old seedlings representing nine families. 
Heritability for average density of the stemwood was 
0.75 and for average density of branchwood, 0.52. The 
genotypic correlation between these variates was 0.80, 
so although the number of families was small, the 
possibility of selection based on non-destructive 
sampling of branchwood was encouraging.
Several recent investigators have observed that 
heritabilities for wood properties may differ 
considerably when based on samples from different 
positions within or between growth rings and for 
different types of sample.
Narrow sense heritabilities for basic density and 
tracheid length in 8-year-old P .taeda were calculated 
separately for earlywood and latewood in the seventh 
ring from the pith (Goggans, 1964). Trees were sampled 
from experiments in two areas:
(1) Louisiana: 120 trees : 6 morphologically
selected parents x 2 replications 
x 2 plots per replication x 5 trees 
per plot.
(2) Georgia : 256 trees : 8 morphologically
selected parents x 2 replications 
x 2 plots per replication x 8 
trees per ploto
The narrow sense heritability estimates were as follows:
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Louisiana Georgia
Basic density (whole core) O .76 0.87
1959 latewood
Basic density 0.79 O.50
Tracheid length 0.97 O .83
1959 earlywood
Basic density 0O 0.33
Tracheid length 0.54 0.77
With the exception of heritability for basic density in 
the 1959 earlywood, there is good agreement in the 
results from the two groups of material. In addition, 
the heritability estimates are high supporting the 
notion that a conventional breeding programme may be 
very fruitful.
An examination of trees of Picea abies raised from 
cuttings showed considerable variation in basic density, 
but not for tracheid length between four clones (Kennedy, 
1966). Based on four ramets from each clone and samples 
at three percentage positions within the I96I annual ring 
(approx. 15 rings from the pith), broad sense 
heritability for basic density decreased from 0.86 in 
the earlywood to O.36 in the latewood. For the whole 
growth ring, broad sense heritability was 0.84 for basic 
density but only O .38 for tracheid length.
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Broad sense heritabilities for tracheid length and 
density were shown to change with age in Pinus radiata 
(Nicholls, 1967b). Examining three 22-year-old ramets 
from each of 19 clones, broad sense heritability for 
individual rings ranged from 0.20 to 0.50 for tracheid 
length and from 0.24 to 0.60 for basic density.
Smith (1967) reported that not only did narrow 
sense heritability for tracheid length of Pinus elliottii 
vary in different growth rings but that it also depended 
markedly on the method of sampling the same group of 
rings. Eight 11-year-old open-pollinated progenies from 
each of 16 morphologically pre-selected parents were 
examined. Narrow sense heritability ranged from O .38 to 
0.48 for tracheid length in the last-formed latewood of 
four growth rings individually (3 , 5» 7, and 9)> was 0.60
when the data from these rings were averaged, but was 
only 0.l6 when the first 10 growth rings were macerated 
collectively. The choice of a suitable sampling system 
on which to base the estimate of heritability therefore 
requires greater attention than given in the past.
Few estimates for heritability of wood properties 
have been made for hardwoods. Broad sense heritabilities 
for fibre length and basic density in Populus tremuloides 
were based on five ramets from each of five ortets known 
to differ in wood properties (Van Buijtenen et a l ., 1962). 
Heritability for fibre length in the breast height core 
was O.5I; for fibre length of the pulp, O.5 6 ; for density 
at breast height, 0.43; and for density of the whole 
tree, 0.57»
Fibre length, wood density, and several other 
characteristics were examined in five ramets from each
56
of four clones of P .tremula (Einspahr et al., I963).
The trees differed in age, and large differences in 
crown and bole volume existed between clones. 
Nevertheless, these variations appeared to have little 
effect on the wood property variations and relevant
broad sense heritabilities were as follows:
Wood density (whole tree) O.38 
Wood density (breast height, core) 0.26 
Fibre length (age 30 years,breast height) 0.86 
Fibre length (breast height, core) 0.50
Bhagwat (1963) reported significant differences in 
fibre length between certain of 72 1-year-old clones of 
Populus deltoides and various hybrids grown in the 
same nursery.
The published heritability estimates indicate useful 
genetic gains for wood properties may be possible with a 
conventional breeding programme. However, there is a 
need for results from selection experiments in order to 
compare realized and estimated heritabilities and to 
determine the repeatability of the response to selection.
5.1.3 GENETIC VARIATION IN CONTROLLED ENVIRONMENTS
Unfortunately, most research conducted in controlled 
environments has been based on material of undefined 
genetic origin. Controlled environment facilities 
enable studies of genotypic variation and genotype x 
environment interactions with minimum replication and 
greater use of these facilities is desirable.
Significant differences in tracheid length were 
found between 2-year-old seedlings of four Picea
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sitchensis provenances, but basic density differences 
were not significant (Dinwoodie and Richardson, 1961).
The data suggested the possibility of an interaction 
between daylength and wood properties of the different 
provenances.
Rudman (1969) reported significant differences in 
fibre length between clones of Eucalyptus carnal dulens is 
less than 1-year-old grown in each of two controlled 
temperature regimes. There was only one ramet for each 
of the seven clones and the clone mean square was tested 
against the clone x temperature interaction.
3.2 Materials
Harris (l965a ) states that a desirable number of 
families to ensure a statistically confident estimate of 
heritability would be at least fifty. However, within a 
phytotron, space allocation and the necessity to 
regularly rearrange the plants are factors which 
restrict the scale of an experiment.
In the preceding experiment, three seedlings per 
family was found to be a satisfactory number of 
replicates for a sensitive test of family differences in 
fibre length and basic density. From this and experience 
of other phytotron users, it was decided to increase the 
number of replicates from three to five for the present 
investigation. Since space allocation permitted only 
200 6-inch-diameter pots per environment, 40 families 
were represented.
Open-pollinated seed was obtained from 4o parent 
E .regnans trees from sites in Eastern Victoria within
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the species’ optimum altitudinal and geographical range, 
but not from the disjunct populations of Southern 
Victoria and Tasmania. The location of each parent is 
given in Table 8. Trees sampled at the same site were 
separated by at least 100 yards. To minimize the 
proportion of full sibs in the experiment, the majority 
of the total seed crop for each tree was collected, then 
extracted from the capsules, and thoroughly mixed.
5.2.1 EXPERIMENTAL DESIGN
Progenies of these families were grown in three 
different environments, enabling examination of genetic 
and environmental variations and also any genotype x 
environment interactions. Two environments were 
phytotron glasshouses controlled at 18/l3°C and 24/l9°C 
(day/night temperature) respectively. Plants were also 
grown in a nursery trial at Canberra during the summer 
and autumn months, these months being characterized by 
relatively high temperatures and long days,
3.2.1.1 Controlled Environments
Seed batches were sampled from the main collections 
and sown on 22 January, I968 directly into 6-inch-diameter 
plastic pots containing a mixture of vermiculite and 
perlite in equal proportions; within each glasshouse there 
were five pots per family. Conditions in the 18/13°C 
and 24/l9°C phytotron glasshouses were described in 
Section 4.2. All pots were covered with white polythene 
until after germination, thereby maintaining high 
hum i d i t y .
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Table 8. Location of trees from which seed was obtained 
for the study of inheritance in E .regnans.^
Parent No. Site
1 M t .  Erica Rd . : altitude 2,050 ft
2 Brittania Creek, Powelltown
3 »1 »1 it
4 Blowhard Road, Toolangi
5 M  II 11
6 II II 11
7 II II 11
8 II 1! 11
9 Hardy's Creek Rd., Toolangi
10 11 11 11
11 Morris Road, Powelltown
12 11 11 11
13 II 1! it14 Big Ck. Road., Powelltown
15 M  II 11
16 I I  It 11
17 Wilson's Fireline, Powelltown
18 11 it 11
19 it 11 11
20 Federal Shortcut, Powelltown
21 Noojee : altitude 1,000 ft
22 11 11
23 11 11
24 it 11
25 Loch Valley, Noojee
26 Silver Ridge, Neerim Junction
27 11 'll
28 11 11
29 11 11
30 Penny's Saddle, Noojee
31 1 1  11
32 11 11
33 11 11
34* M t . Erica R d ., altitude 2,650 ft
35* M t . Erica R d . , altitude 2,300 ft
36* East T y e r 's River altitude 1,200 ft
37* M t . Erica R d ., altitude 1,600 ft
38* Mt 0  Erica R d . , altitude 2,000 ft
39* Christmas Ck., M t . Erica
4o* 11 11
Notes: 1. Altitudes of sites are given where accurately
known.
Seed for these parents was kindly provided 
by K.G. Eldridge.
6 0
Five weeks later, when the cotyledons were fully 
developed and most plants had two or three pairs of true 
leaves, seedlings were selectively thinned to three per 
pot. Selection aimed to minimize initial size 
differences within and between families in each 
environment. After a further four weeks, the number was 
reduced to one seedling per pot.
With the large number of seedlings in each 
environment, careful rotation and randomization were 
necessary to minimize environmental gradients. Pots 
were arranged on 8 trays, 25 to each, and the trays were 
arranged in one block (4 trays x 2 trays). Initially, 
in each glasshouse the 200 pots were completely 
randomized. Thereafter, twice each week, each tray was 
moved clockwise one position and simultaneously rotated 
through 90 degrees. This procedure reduced any edge and 
position effects in relation to the heat-exchanging units. 
Each month, after a complete rotation cycle, the entire 
experiment was re-randomized.
Seedlings grew faster at 24/l9°C than at 18/13°C 
and were harvested on 27 April, 1968 after twelve weeks 
growth. Those grown at 18/13°C were left for a further 
two weeks to reduce the size differential between plants 
in the two environments. One family (parent No. 4o) 
failed in both environments, so only 39 families were 
analysed.
5 .2,1.2 Uncontrolled Environment
Ten progenies for each of the 40 families were grown 
in heavy duty, black polythene bags, approx. 15 cm dia. 
and 25 cm long, filled with a thoroughly blended mixture
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of river gravel, red sand, peatmoss, and a balanced 
fertilizer in suitable proportions. Bags were arranged 
in a shallow, rectangular bay suitable for sub-irrigation. 
Complete details of this method developed for raising 
eucalypts were given by Boden et al . (1969).
The long axis of the plot was orientated in the 
north-south direction to minimize edge effects in 
relation to the sun. Since the plot had a slight 
gradient to allow drainage, a randomised block design 
was used, with one replication per family in each of .10 
blocks (lO bags x 4 bags).
Stratified seeds were sown on 12 December, I967. 
Initially, seedlings were watered with half-strength 
Hoagland1s complete nutrient solution and with tap water 
on alternate days. Later, the plot was sub-irrigated 
for two hours daily, aquasol being added to the water 
once each week, at a rate of 1 lb/100 gal using a 
venturi blender. The plot was shaded with hessian 
during the experiment.
Survival was generally good and the seedlings were 
thinned according to the schedule described for the 
phytotron environments. Parent No. 40, which failed in 
the phytotron, was excluded from the investigation.
The tallest five progenies per family were sampled 
after 20 weeks growth.
5.2.2 WOOD SAMPLES
Samples for the determination of wood properties 
were taken from the internodes between the second and 
third pairs of true leaves. Diameter of this internode,
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in addition to the total height and the total number of 
internodes, was recorded for each seedling sampled. 
Fibre length and basic density for each sample were 
determined as described in Section 2.5 and Section 4.3*1 
respectively.
5*3 Results
5*3*1 VARIATIONS IN SIZE AND WOOD PROPERTIES
Average progeny values for total height, diameter, 
fibre length, and basic density for each family in each 
environment are given in Appendix B and the averages of 
the 39 families are given in Table 9*
The seedlings in the 18/13°C and 24/l9°C 
environments were sampled at age l4 and 12 weeks 
respectively to minimize effects of differences in size 
on fibre length and basic density. The differences in 
average fibre length and in average basic density 
between the controlled temperature environments, as 
percentages of the averages of both environments, were 
7 per cent for fibre length and 12 per cent for basic 
density.
The comparable estimates for differences in fibre 
length and basic density between families are also given 
in Table 9* The coefficient of variation for progeny 
means of the 39 families was approx. 2 per cent for 
fibre length and 5 per cent for basic density. However, 
the ranges between extreme families were considerably 
larger, being approx. 7 per cent for fibre length and 
21 per cent for basic density.
Ta
bl
e 
9*
 
Av
er
ag
e 
pr
og
en
y 
da
ta
 o
f 
39
 f
am
il
ie
s 
of
 E
.r
eg
na
ns
.
63
<DOdo
u0
<h
•HP
-P
d<Dedo
u•H
>dw
cp
1—1
1Ov 
1—I \  pt 
CM
0)
Ü
•H
PE
oo
<D 
1—I 
1—IO
u-p
cp
1
1—I 
1—I
CM
t-
Pt
O
VO
CPOV
CP
CM VO Pt o Pt O Pt o
O O I—I
KOH cpcpP-
PW
<HQ
ip
VO
X
OXWP
wpPQH
fci
VO 1—I0\ rH
Pt O CM
• • •
O O CM
o\
o
1—1
CP
CM 
1—I
O  1—I O I—I C P O N
• • •
O  O  CP
p-
p-
1—1
ip o 
VO CM 
cp O ip p-
O O ip CM
CM
0' \  
1—I
Pt
CM
CP
ip
P-
Cp
O vo cp OPt O Pt 00 
O O H  iP
Pt IP 00 H  
CM O  CP
O O *P oCM
CP I—I
Ptip
cp
CP
O C\O O4- O  CP ip• • • •
O  O  CM 00
1—I rH
»P H  CM O  Pt
O  0  4
1—I
i—I
CM
dcti
CDs
drf
02
E E ^  E E ^
Q >
• •
m o
0
dcti
X
dcti0
2
Q >
• •
m o
0
ddPh
0
U
0S
co
CM 0 0 H H d H 0 - 0  
£ 4  U 
H  ~P0 d in'D o 
0 0 0  d d 
Eh Cti d
0H>O£
fi
ve
 
op
en
-p
ol
li
na
te
d 
pr
og
en
ie
s/
fa
mi
lg
. 
Pr
og
en
ie
 
, 
an
d 
20
 w
ee
ks
 
in
 t
he
 
18
/1
3 
C}
 
24
/1
9 
C>
 
an
d
64
Multivariate analyses of variance for the four 
variables (height, diameter, fibre length, and basic 
density) were made, grouping the environments in the
following seven combinations:
(i) 18/13°C;
(2) 24/l9°C;
(3) uncontrolled;
O ) 18/13°C and 24/l9°C;
(5) 18/13°C and uncontrolled;
(6) 24/l9°C and uncontrolled;
(7) 18/13°C , 24/l9°C,and uncontrolled.
The eigen values and significant eigen vectors for 
the respective analyses are presented in Table 10. Each 
response was first standardized by reducing it to unit 
variance.
The effects of environment on variations in the 
four responses (indicated by the eigen values when 
environments were grouped) were large, although in 
groups which included the uncontrolled environment, the 
effects were confounded by the large difference in age. 
The multipliers in the significant eigen vectors for the 
environmental effects reflect the relationships between 
the average progeny values of the 39 families given in 
Table 9» For example, for the combination 18/13°C and 
24/l9°C, the effect of environment was very highly 
significant (A = 4.52) the multipliers in the eigen 
vector for height, diameter, fibre length, and basic 
density being -0.01, 0.04, 0 .06, and 0.08 respectively.
Thus height was slightly less at 24/l9°C than at 18/l3°C 
whereas diameter, fibre length, and basic density were 
all greater. These results indicate temperature had an
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Table 10. Multivariate analyses of variance for data on 
progenies from 39 families of E .regnans.
Eigen Vector 2Multipliers
S ource Eigen^ 
Value s
Height Diameter FibreLength
Basic 
Density
1 8 /1 3 °C
Family 0.99*** 
0 .4 5*
-O.OO9
-O.IO3
-0.009
-O.OO9
0 . 0 4 2
0.126
0 . 0 8 3  
-0.101
2 4/l9°c
Family 0 .7 7** 
0 .4 8** 0 . 3 0 5-0.122 0 . 3 4 9-0.085
0 . 2 2 4
0.152
0.110 
0. 051
UNCONTROLLED
Family 1.29** 
O.89** 
0.4 o*
0 . 5 9 8
-0.010
-0 . 0 2 4
0 . 5 6 3
0.010
0.201
0 . 4 0 3  
0.031
-O.I27
0. 020 
0.107 
-0.058
1 8 / 1 3 °C and 24/19°C
Environment 4 .5 2 *** -0.010 0. o4 o 0.060 0. 080
Family 0 .4 7*** 
O.37*** 
0.26**
0.009
0.883
-0.106
-0.006 
0.721 
o.o46
0 . 0 7 4
0 . 2 3 8
0 . 1 5 4
0.091
-0 . 0 2 4
-O.O93
Env. x Fam. N.S.
1 8/1 3 °C and UNCONTROLLED
Environment 2 9 .9 0*** 0.029 0.029 0.039 0 .0 4 l
Family 0.63*** 
0 .5 5*** 0 . 1 9 70.057
0 . 1 5 1
0 . 0 6 2
0 . 028  
0 . 0 4l
-O.O34
0 . 0 4 2
Env. x Fam. 0 .4 4** 0 . 1 1 9 Ool55 0 . 0 8 6 0.032
Notes: 1. Significance of eigen values is tested with
reference to the charts published by Heck 
(i960). Only significant values are 
presented.
2. Each variate was first standardized by 
reducing it to unit variance.
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Table 10. Contd.
Eigen Vector Multipliers
Source E igen 
Value s
Height Diameter FibreLength
Basic
Density
24/l9°C and UNCONTROLLED
Environment 12.31*** 0.053 0. o4o 0.062 0. 069
Family 0 .80***
0.49***
0.25**
0.330 
-0.049 
o. 019
0.394
-0.039 
-O.I3I
0.189 
0. 034 
0.136
0.068 
0.059
-0.037
Env. x Fam. 0 .33* 0.214 0.266 0 . 128 -O.O59
18/13 °C, 24/l9°C, and UNCONTROLLED
Environment 20.72***
0 .42***
o. o4i
0.513
0 .04l 
0.011
0.056 
0.052
0.060
0.015
Family O.52*** 
o .43***
0.434
-0.054
0.4i4 
-0.038
0.173
0.034
0.06 6 
0.055
Env. x Fam. 0 .43** 0.309 0.458 0.222 0.019
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important effect on diameter growth in relation to height 
growth in the phytotron environments, diameter growth 
being relatively greater at 24/l9°C than at 18/13°C.
The greater fibre length and basic density at 
24/l9°C than at 18/13°C substantiated the finding for 
3 mm dia. samples in the preceding experiment.
Comparison of the significant eigen vectors 
demonstrated different parental effects in different 
environments. At 18/l3°C the more important eigen vector 
combined small size, but large fibre length and basic 
density whereas in the other two environments the most 
important vector combined large size, and large fibre 
length and basic density. These inconsistent 
relationships between the multipliers in the vectors for 
different environments indicated the presence of family 
x environment interactions. Eigen values for the 
interaction effects were significant for each combination 
of environments with the exception of the combination 
18/13°C and 24/l9°C.
Results from the multivariate analyses were used to 
construct univariate analyses of both variance and 
covariance from which to derive the observational 
components used in calculating heritabilities and 
genotypic correlations. The expected mean squares and 
mean cross-products for the analyses, based on random 
effects models, are given in Table 11, and the results 
are summarized in Table 12.
The parent effect, except for diameter at 18/13°C 
and basic density for the combination 18/13°C and 
uncontrolled environment, was significant for all the
68
Table 11. Models for analyses of variance and estimation of
observational components of variance assuming random 
environment and family effects.
SINGLE ENVIRONMENTS
Source D.F. M.S. E.M.S.
Family i—ii m s b 2 , „ 2 °W + R
Error K(R-l) MSw
2
Gw
Total KR-1
GROUPED ENVIRONMENTS
Source D.F. M.S . E.M.S.
Environment J-l m s t °W + R aBT + KR aT
Family K-l M S b °W + R °BT + JR °B
Env. x Fam. (J-1)(K-1) m s bt 4 * •
Error JK(R-l) MSw 4
Total JKR-1
Model for estimating observational components of covariance 
between paired variates assuming random environment and family 
effects.
Source D.F. M.C.P. E.M.C.P.
Environment C-H 1 h-1 mcpt COVw + R COVBT + KR COVt
Family K-l mcpb COVTT + R COVürT1 + JR COV^W  D 1 D
Env. x Fam. (J-l)(K-l) mcpbt covw  + R covBT
Error JK(R-l)
M C P w covw
Total JKR-1
Notes: J = Number of environments.
K = Number of families.
R = Number of replications per family per 
environment.
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analyses, the differences in fibre length and basic 
density between families being generally highly or very 
highly significant.
The family x environment interactions, also 
demonstrated by the multivariate analyses, were greatest 
when the uncontrolled environment was included in the 
combinations.
Observational components of variance and the 
estimates of narrow sense heritability (assuming 
progenies are half-sibs) for height, diameter, fibre 
length, and basic density are given in Table 13.
These components of variance and the corresponding
■j
heritabilities, particularly for height and diameter,
varied regularly between environments. The within family
variance (o^) was similar at 18/13°C and at 24/l9°C, butw
increased slightly in the uncontrolled environment.
2However, the between family variance (o^) increasedB
greatly in the sequence 18/13 C, 24/19 C, and uncontrolled 
environment.
2 2The magnitudes of and h for the differentB
environments generally parallelled the variations in 
height and diameter of the progenies, suggesting possible 
effects of increasing competition. However, one notable 
exception was the greater heritability for height at 
24/l9°C than at 18/l3°C despite average progeny height 
being slightly less at 24/l9°C (Table 9).
Because of large between family variances relative 
to the within family variances, certain of the narrow 
sense heritability estimates, derived for single 
environments, exceeded unity. Possible reasons for this
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will be discussed later. The narrow sense heritabilities 
for height and diameter increased consistently in the 
sequence 18/13°C, 24/l9°C, and uncontrolled environment
and heritabilities for basic density followed the same 
trend as those for height and diameter, although the 
increases were only slight. However, heritability for 
fibre length was large at 18/13°C and in the uncontrolled 
environment, but was very small at 24/l9°C.
With grouped environments, the significant genotype 
x environment interactions substantially reduced the 
estimates of narrow sense heritability. In one instance 
(basic density for the combination 18/13°C and 
uncontrolled environment) the interaction mean square 
was greater than that for families and so heritability 
was not estimated.
With few exceptions, the narrow sense heritabilities 
were greater for height than for diameter, and greater 
for fibre length than for basic density. Since the 
variation between families was considerably larger for 
basic density than for fibre length, the larger 
heritabilities for fibre length indicated variations 
within families were considerably less for fibre length 
than for basic density.
5.3.2 PHENOTYPIC CORRELATIONS
Phenotypic correlations were calculated for the six 
pairs from the four variates (height, diameter, fibre 
length, and basic density) using average progeny values 
for each of the 39 families; these were calculated for 
each of the environments and also in combination.
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Table l40 Phenotypic correlations for 39 families of 
E .regnans„
ENVIRONMENT
V ariab1e s 18/13°C 24/19°c Uncon­trolled Combine d
Ht . & Dia. 0 .68*** 0.85*** 0 .86*** 0 .88***
H t . & F.L. -0.06 0.24 0.07 0.10
Ht . & Den. -0.02 0.31 0 .60*** 0.46**
Dia. & F.L. -0.10 0. 22 0.03 0.09
Dia. & Den. -0.04 0.31 O.67*** 0.47**
F.L. & Den. 0.23 0.20 0.10 0 .37*
p 0.05 (*) 0.01 (**) 0.001 (***)
r35df 0.32 0.4l 0.52
The results, given in Table l4, showed height and 
diameter were always very highly significantly 
correlated. However, the correlations between size 
(height or diameter) and wood properties were smaller 
than those for height and diameter. At 18/13°C the 
correlations were negative, though not significant, but 
were positive in the other two environments, those 
between size and basic density for families in the 
uncontrolled environment being significant. For the 
three environments combined, average progeny basic 
density was again significantly correlated with both 
height and diameter but the coefficients accounted for 
approximately only 20 per cent of the variation. The
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correlations between fibre length, and size were always 
very small.
Fibre length and basic density were significantly 
correlated only when means for each family were based 
on progenies from all three environments.
5.3.3 GENOTYPIC CORRELATIONS
Genotypic correlations were calculated using the 
between family covariances for paired variates and the 
between family variance for each variate derived 
according to the models in Table 11. Correlations 
between the six pairs from the four variates (height, 
diameter, fibre length, and basic density) are given 
for each environment in Table 15» Generally, the 
genotypic correlations were closely related to the 
phenotypic correlations presented in Table l4.
The genotypic correlations between height and 
diameter were positive and very large. Those between 
size and wood properties at 18/13°C were negative and 
small, but at 24/19°C and in the uncontrolled environment 
the correlations were positive and, for basic density, 
relatively large. The genotypic correlation between 
fibre length and basic density was positive in each 
environment.
The close association between genotypic and 
phenotypic correlations in individual environments 
implied the corresponding environmental correlations 
were consistent. Therefore calculation of genotypic 
correlations for grouped environments is considered to 
be valid and these are also given in Table 15. Again 
the genotypic correlations and phenotypic correlations
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Table 15. Genotypic correlation coefficients with standard 
errors^ based on 39 families of E .regnans.
ENVIRONMENT
Variables 18/13°C 24/19°C Uncontrolled 18/13°C,24/19°C,Uncontrolled
rG SE rG SE rG SE rG SE
Ht. & Dia. 0.64 0.28 0.94 0.02 0.93 0.02 0.97 0.01
Ht. & F.L. -0.02 0.23 0.39 0.22 0.00 0.14 0.10 0.25
Ht. & Den. -0.24 0.30 0.41 0.17 0.83 0.05 0.55 0.21
Dia. & F.L. -0.21 0.26 0.34 0.22 0.08 0.14 0.19 0.29
Dia. & Den. -0.13 0.37 0.51 0.15 0.83 0.05 0.46 0.28
F.L. & Den. 0.43 0.15 0.45 0.23 0.29 0.16 0.90 0.07
Notes: 1. r^ = (xy)G
aB(x)°B(y)
The components of variance and covariance were 
estimated according to the models given in 
Table 11.
2. Formula for standard error of genetic 
correlation (Falconer, 1964: p.318)
S.E. x >
a
h2y
Progenies were assumed to be half sibs, 
i.e. h^ = 4t where t is the intraclass 
correlation coefficient.
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were comparable but the large genotypic correlation 
between fibre length and basic density should be noted.
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6. DISCUSSION
6.1 Environmental Variation in Fibre Length and
Basic Density
Size (height and diameter) and wood properties were 
markedly affected by temperature in both experiments 
conducted; the results supported the conclusions of Van 
Buijtenen (1958) and Dinwoodie and Richardson (l96l) on 
the effects of controlled temperature treatments on cell 
length and wood density.
In the first experiment, higher temperatures in the 
range 15/lO°C to 24/l9°C resulted in larger size, 
greater fibre length, but smaller basic density. At 
temperatures above the overall optimum for growth 
(24/l9°C) fibre length was also less; however, the 
change in basic density was inconsistent, being greater 
for one family whereas the average density of progenies 
for the three families was less than at 24/l9°C.
Size and wood properties also appeared to be closely 
associated in the 3 mm dia. samples. Fibre length was 
greatest at 24/l9°C but the minimum density occurred at 
18/13°C and density was greater at higher temperatures. 
This anomaly was explained by considering the data for 
3 mm dia. samples from the seedlings grown at 2l/l6°C, 
since the damage which necessitated the exclusion of 
this treatment from all statistical analyses had not 
then occurred. The growth data indicated that, until 
age 14 weeks, 2l/l6°C was the optimum temperature regime 
for growth and only after the seedlings were damaged did
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24/19°C become the optimum regime. Maximum fibre length 
and minimum basic density in the 3 mm dia. samples also 
occurred at 2l/l6°C, and thus the results for both 
phases (entire cross-sections and 3 mm dia. samples) 
demonstrated positive associations between average size 
and average fibre length, and negative associations 
between average size and average wood density for 
different temperature regimes.
The close associations between average size and 
wood properties for plants grown in different controlled 
environments do not necessarily mean these responses are 
causally related. Although correlations were not 
calculated because of the limited number of replicates 
appropriate to each, there were no consistent 
relationships between height or diameter and fibre 
length or basic density for progenies within families 
within environments. Moreover, in the second experiment, 
correlations between size and wood properties for average 
progeny values were negative at 18/13°C, but positive at 
24/l9°C and in the uncontrolled environment.
The difficulty in relating rate of height growth to 
cell length is that apical cell division must also be 
considered. Height growth from the apical meristem 
depends upon the number of divisions, the amount of cell 
extension, and the amount of intrusive growth. Primary 
xylem fibres were observed to be.of far greater length 
than the secondary xylem fibres, presumably because 
growth from the apex was not restrained by an existing 
cambial surface. Therefore, height growth is associated 
only indirectly with cell length of the secondary xylem 
through correlated activities of the primary and secondary
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meristematic tissues. Considerable evidence supports a 
close relationship between the apical meristem and 
vascular cambium in conifers and deciduous hardwoods 
under uncontrolled environment conditions (Wareing, 1958; 
Larson, 1962; Digby and Wareing, 1966). Although the 
relationship under uncontrolled conditions has not been 
reported for E .regnans, under the present controlled 
environment conditions diameter and height both increased 
continuously and so the rates of cell division and cell 
differentiation from the primary and secondary meristems 
were undoubtedly correlated.
The rates of cell differentiation and cell division
are partially reflected by the rates of production and
extension of stem internodes and these morphological
observations are useful when interpreting the effects of
environmental factors on fibre length and on the amount
*of intrusive growth. Observations on production, rate 
of extension, and duration of extension of stem internodes 
at different temperatures were made during the final five 
weeks of the first phytotron experiment, and relevant 
data are presented in Table 16.
During this 5-week period, absolute height growth in 
different environments differed only slightly, 
undoubtedly because greater crown development in 
relation to pot size restricted growth at the more 
favourable temperatures. Despite this, the rates of 
internode initiation, extension, and maturation were
*
These observations were made by K. Cremer, Forest 
Research Institute, Canberra, and permission to use 
these data is gratefully acknowledged.
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Table 16. Stem internode data during the final five 
weeks growth of E .regnans seedlings in 
controlled environments.
Variable
Da.y/Night Temperature (°C) Regime
15/10 18/13 24/19 27/22
Height growth during 
final five weeks 
(mm/day)
0r-1—1 18.8 18.9 19.2
Rate of internode 
initiation 
(pa.irs/lOO days)
6 8 11 11
Average duration of 
internode elongation 
(days)
4l 27 21 19
Average rate of 
internode elongation 
(mm/day)
3. 9 4.9 5.7 6 .4
Average number of 
elongating 
internodes
4.4 3.8 3.3 3.0
Length of stem 
elongating 
(cm)
19. 2 18.7 14 .5 13.0
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greater at higher temperatures, i.e. internodes were 
produced more rapidly from the apical bud, elongated 
faster, but also ceased extending sooner than at low 
temperature. The net result was that at higher 
temperatures less of the stem was elongating.
Because of these temperature effects on the rates 
of production and maturation of stem internodes, mean 
internode length, as a percentage of total height, was 
smaller at higher temperatures. In absolute terms, 
however, mean internode length was about 5 per cent 
greater at both 18/l3°C and 24/l9°C than at 15/lO°C, but 
was about 20 per cent less at 2rj/22°C than at 24/l9°C.
Since higher temperatures resulted in greater rates 
of internode initiation and differentiation, they 
presumably also resulted in greater rates of cell 
division and differentiation. However, the relationship 
between internode length and cell length is complicated 
by cell numbers per internode and the amount of cell 
intrusive growth. These variations may occur both 
between environments and within individual seedlings.
The variations in internode length at different 
ontogenetic ages and the variations in fibre length at 
different heights close to the pith suggested large 
differences within seedlings in either or both cell 
numbers per internode and intrusive growth. Internode 
length increased upwards for several internodes, then 
fluctuated in the central stem section, and finally 
decreased towards the apex in the zone of elongation.
In contrast, fibre length varied little at different 
height levels close to the pith and so cell numbers per 
internode must have increased in the lower half of the
stem.
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Comparing seedlings grown in different environments: 
at higher temperature the greater rate of cell division 
favoured an increase in cell numbers per internode but 
this was offset by the greater rate of internode 
initiation. Therefore, at similar ontogenetic age, cell 
numbers per internode of seedlings grown in different 
temperature regimes apparently does not vary greatly.
The variations in intrusive growth are complementary 
to those of cell numbers per internode for internodes of 
similar length; the smaller the latter variations, the 
more important are variations in intrusive growth.
Although mean internode length was about 5 per cent 
greater at 24/l9°C than at 15/lO°C, average fibre length 
was about 15 per cent greater and since a fewer number 
of cells per internode was unlikely, intrusive growth 
was probably greater at higher temperatures. Furthermore, 
mean internode length was about 20 per cent less at 
27/22°C than at 24/l9°C but average fibre length was only 
4 per cent less which substantiated the hypothesis of 
greater intrusive growth at higher temperatures. This 
would be favoured by the more rapid cessation of internode 
extension.
The negative relationship between average size and 
average basic density for different temperature regimes 
differed from that observed for Picea sitchensis by 
Dinwoodie and Richardson (1961), the probable reason 
being the larger seedling size in the present 
investigation. When 3 mm dia. samples were examined, 
basic density was in fact higher at 24/l9°C than at 
18/13°C. This change in the relationship between basic 
density and temperature as seedlings increased in size
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suggested the importance of net assimilation and therefore 
supported the hypothesis proposed by Van Buijtenen (1958) 
and by Richardson and Dinwoodie (i960).
During the experiment seedlings in each environment 
were grown in pots of identical size, watered twice 
daily, and repotted before wilting was observed. 
Nevertheless, the larger plants undoubtedly had 
relatively less water than the smaller plants in the 
less favourable environments for growth since the 
absolute rate of height growth during the final weeks 
of the experiment was slightly less in the overall 
optimum regime (24/l9°C) than at 27/22°C (18.9 and 19.2 
mm/day respectively - Table l6). Diameter and height 
increased approximately linearly throughout the 
experiment so the supply of water and nutrients was 
adequate for continued cambial activity, yet inadequate 
to permit, optimum net assimilation. Smaller net 
assimilation relative to plant size would result in a 
smaller 'cell wall thickness/cell diameter' ratio and 
hence in less dense wood.
6.2 Genotypic Variation in Fibre Length 
and Basic Density
Considerable variation between families was 
observed for both fibre length and basic density. Based 
on progenies from the three environments collectively, 
the differences between average progeny values for 
extreme families, as percentages of the respective means 
of all families, were 7 per cent for fibre length and 
17 per cent for basic density. However, within family 
variation was also greater for basic density and offset 
the importance of the between family variation.
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With few exceptions, differences in fibre length 
and basic density between families were highly 
significant. However, these exceptions are important 
since they result from substantial genotype x 
environment interactions.
Genotype x environment interaction effects were 
greatest when progenies grown in the controlled 
environments were compared with those grown in the 
uncontrolled environment. Important features of the 
uncontrolled environment were the high day temperatures 
and the large variations in the day-night temperature 
differential. Under these conditions the efficiency of 
a family in terms of net assimilation may be very 
different than in a controlled environment having a 
constant day-night temperature differential.
In the absence of published data demonstrating the 
proportions of seifs, full sibs, and half sibs in 
E .regnans, for estimating narrow sense heritability it 
was necessary to assume the genetic relationship between 
related open-pollinated progenies. E ,regnans is 
considered to be largely outcrossing and
insect-pollinated, but the habits and distances travelled 
by different insect species, particularly blowflies and 
bees, could greatly complicate the system of pollination. 
Moreover, differences in pollen production, viability, 
and flowering time may affect the number of contributing 
male parents (Boden, 1958).
Hattemer (1963) considered four pollen sources was 
a sufficient number to ensure a sound basis for assuming 
half sib progenies. However, because of uncertainty in 
the proportions of half and full sibs in the experimental
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material several authors (Van Buijtenen, 1962; Squillace 
et a.1. , 1962; Nicholls e t al . , 1964) were reticent about
their heritability estimates for wood properties. 
Nevertheless, Smith (1967) concluded the intraclass 
correlation coefficient could be safely multiplied at 
least threefold. Since the majority of capsules were 
collected from each tree sampled and the seed obtained 
thoroughly mixed, the assumption of half sib progenies 
was the most reasonable for the present experiment.
Assuming progenies were strictly half sibs (i.e. 
phenotypic covariance of relatives is approximately 
\ ), the maximum heritability estimates observed in
individual environments were 1.60 for height, 1.52 for 
diameter, 1.32 for fibre length, and 0.92 for basic 
density. If these were reduced by up to one-quarter, as 
proposed by Smith (op.cit.), the estimates became 1.20,
1.14, 0.99, and O .69 respectively. Since their standard 
errors were small, these large heritability estimates 
were unlikely to result simply from the presence of a 
large proportion of full sibs.
An important assumption which requires justification 
is the nature of the population from which the sample of 
parents is drawn. The existence of natural selection 
would invalidate the supposition of a population with 
gene frequencies in Hardy-Veinberg equilibrium. Eldridge 
(1966) observed significant differences in height growth 
between 6-year-old E .regnans families because of 
altitudinal differences in seed source. Although in the 
present investigation parents were sampled from over a 
large area, collection was confined to within the 
optimal altitudinal range for the species and since
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E .regnans occupies a narrow ecological range (Cochrane, 
196 9)» within its optimal altitudinal range discontinuous 
or clina.1 variation is likely to be small. No evidence 
to suggest significant provenance variation was observed 
with the seedling progenies and also, the heritability 
estimates were inconsistent in different environments 
suggesting their variations resulted from the 
experimental conditions rather than from natural 
selection in the base population.
A plausible explanation for the regular variations 
in heritability estimates for height and diameter, is 
the existence of competition between families, possibly 
for light. The between family variance relative to 
within family variance for both height and diameter was 
greater at 24/l9°C than at 18/13°C and still greater in 
the uncontrolled environment. These changes generally 
parallelled the changes in average size, a notable 
exception being the greater between family variance 
relative to within family variance for height at 24/l9°C 
than at 18/l3°C, despite average height at 24/l9°C being 
slightly lower.
Care was taken to minimize the incidence of 
competition, in each environment, a thinning schedule to 
minimize initial size differences being implemented after 
the seedlings were established. Also, in each phytotron 
environment, the block of seedlings was completely 
randomized and rearranged regularly. Sweet and Wareing 
(1966) discussed the effects of relative growth on size 
differences in P .radiata seedlings simply because of 
small differences soon after germination. However, 
since this effect was minimized in the present study,
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the differences demonstrated between families were 
considered to result from genotypic differences.
The large between family variances for height and 
diameter had no practical effect on the estimates of 
heritability for fibre length and basic density. The 
differences in average height and diameter between some 
families slightly influenced certain estimates of 
heritability for basic density since density was 
correlated significantly with size in the uncontrolled 
environment. However, average progeny fibre length and 
size were not correlated in any environment and therefore 
family differences in size had no effect on the 
heritability estimates for fibre length. At 18/13°C 
there were very highly significant differences between 
families in both fibre length and basic density, yet the 
differences in size were small.
The estimates of heritability for fibre length were 
generally greater than those for basic density despite 
the smaller range between families in progeny mean fibre 
length. The possible effect of differences in the 
content of reaction wood on the range of variation in 
basic density between seedlings was not thought to be 
important as the seedlings were not subjected to 
excessive stem sway. In examinations for large trees in 
other species wood density was also generally less 
heritable than cell length. Therefore, vegetative 
propagation may offer a greater advantage over sexual 
propagation for improving wood density than for 
improving fibre length.
The genotype x environment interactions 
considerably reduced the heritability estimates and the
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importance of these interactions and also the genotypic 
correlations between traits will be discussed after 
considering the variations in fibre length and wood 
density in large trees.
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PART C ENVIRONMENTAL EFFECTS ON WOOD PROPERTIES IN
LARGE TREES
7. INTRODUCTION
The seedling studies demonstrated important 
environmental and genotypic variations in fibre length 
and basic density. However, before the importance of 
these sources of variation can be evaluated for large 
trees, information about the effects of environment 
on fibre length and wood density variations within 
large trees is necessary.
Fertilization and thinning are silvicultural 
practices which have been observed to affect wood 
properties in a variety of ways, but their effects for 
E .regnans have not been examined. Moreover, examination 
of both thinning and fertilization effects on fibre 
length and basic density has not previously been 
undertaken in the same investigation though this is 
desirable for a realistic comparison of their effects.
The first objective in the present Part therefore 
was to examine separately the effects of fertilization 
and thinning on fibre length and basic density in large 
trees of E .regnans. Secondly, detailed seasonal 
variations in diameter growth rate and wood density were 
examined. These also have not previously been reported 
for E .regnans but are necessary for an interpretation of
fertilization and thinning effects on average density.
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8 . FERTILIZATION AND WOOD PROPERTIES 
8.1 Literature
The effects of' Fertilization on various wood 
properties were discussed by Posey (1964), Bonneau 
(1966), Boyd (1967), Fielding (1967), Karth (1967), and 
by Klem (1968). Mustanoja and Leaf (1965) presented an 
extensive annotated bibliography of forest fertilization 
research which included references to wood properties.
In most investigations of fertilization effects on 
wood properties, the application of mineral fertilizer 
generally, but not exclusively, caused decreases in 
average fibre length and average wood density. Although 
the literature related mainly to gymnosperms, the few 
angiosperms examined responded similarly. However, the 
quantitative changes in wood properties differed, 
undoubtedly because of differences in treatments and 
moisture stress in the experimental material. Klem 
(1968) felt the response to fertilization was considerably 
affected by the nature of the stand in relation to the 
prevailing climatic and edaphic conditions.
Nitrogen, potassium, and phosphorus were the 
elements whose effects were most commonly examined. 
Generally, for investigations in which comparisons were 
possible, fertilizers containing either nitrogen or 
potassium caused wood properties to decrease more than 
those containing phosphorus.
94
8.1.1 WOOD DENSITY
Zobel et a l . (1961) examined the effects of three
heavy applications of N-P-K fertilizer on wood properties 
in l6-year-old Pinus taeda.. Density of the wood produced 
during the seven years following fertilization was 
considerably less than during the preceding seven years. 
Similarly, a decrease of 2-7 per cent in basic density 
following fertilization at establishment with a mixture 
containing Ca, N, K, and P was observed for Pinus 
sylvestris, Larix leptolepis, and Picea abies (Seibt, 
1963)» In another investigation (Erickson and Lambert, 
1958), wood density of 30-year-old trees of Ps .menziesii 
decreased by about 8 per cent during the four years 
after treatment with a mixed N-P-K fertilizer.
Several investigators examined the specific effects 
of different elements and also of combinations of these 
elements on wood properties. Paul and Marts (l93l) 
examined the effects of complete fertilizer and of 
nitrogenous fertilizer on wood density for mature trees 
of Pinus palustris growing on deep, almost sterile sands. 
The application of complete fertilizer resulted in an 
increase in earlywood production and hence a decrease in 
average wood density. However, nitrogenous fertilizer 
alone produced the opposite effect on average wood 
density since the proportion of summerwood was increased.
The effects of heavy applications of N and P on 
wood density of 8-year-old trees of P,elliottii were 
examined by Williams and Hamilton (1961). Two years 
later all treatments had resulted in greater ring width 
and in less dense wood than for the controls. However, 
there were differences in importance of the elemental
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combinations, the greatest decrease in density being 
observed with N, then with N+P and P respectively.
Posey (1964) analysed the effects of eight 
fertilizer combinations of N, P, and K on wood properties 
in trees of P.taeda. The treatments were applied to a 
12-year-old and to a 16-year-old plantation. The 
combinations of N and P caused greater and more lasting 
decreases in wood density than did N alone but most of 
the response was attributable to nitrogen. Potassium did 
not affect wood density since the soils of the area were 
not deficient in this element.
However, results from a KC1 latin square trial and 
a N-P-K factorial trial for P.radiata on a potassium 
deficient site in Eastern Australia indicated potassium 
caused highly significant decreases in average wood 
density of up to 11 per cent, lasting over several years 
whereas nitrogen had a significant effect only the year 
after application and phosphorus had no effect (F.H. 
McKinnell, unpublished data). Maximum and minimum 
densities were also affected.
The effects of fertilizers containing either N or 
N-P-K on wood density for 20- to 23-year-old trees of 
Ps.menziesii were examined by Sastry (1967). A decrease 
in wood density was observed in the year following 
fertilization and a further decrease followed 
refertilization. However, only one tree was examined 
for each treatment and so the effects could not be shown 
to be significant.
Although application of fertilizer containing N, P, 
and Ca in three consecutive years resulted in less dense 
wood for 56-year-old trees of Picea, abies, planting of
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perennial lupines beneath Pinus sylvestris was followed 
by significant increases in both earlywood and latewood 
production with no resultant effect on wood density 
(Pechmann and Wutz, i960).
Seibt et a l . (1968) reported the effects of
different fertilizer treatments on wood density for 
38-yea.r-old trees of Picea ab i e s . Fertilization 
resulted in an increase in the production of earlywood 
and hence a decrease in average wood density. Contrary 
to the observed effect of fertilizer applied at 
establishment, nitrogen and potassium had greater 
effects on wood density of the large trees than did 
either calcium or phosphorus.
Investigations of fertilizer effects on wood 
density of angiosperms have been reported only for 
Populus. Bosdorf (1965) examined the effects of N, P, 
and K salts in various combinations on wood density of 
each of four varieties. Density of the wood produced 
during the two years after treatment was less than 
before, the greatest difference being observed with the 
N-P-K combination. Jakimov (1966) reported less dense 
wood was produced during the nine years following 
fertilization of 11- and 26-year-old plantations in 
Rus sia.
8 .1.2 CELL LENGTH
Tracheid length was generally observed to decrease 
following fertilization of conifers, this response being 
attributed to increased rates of cambial division (Klem, 
1968). However, the quantitative changes in tracheid 
length differed considerably in different investigations.
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In the investigation by Bisset et a l . (l95l) lor
Pinus pinaster on a site deficient in P, tracheid length 
decreased considerably following fertilization with 
superphosphate although it returned to normal after a few 
years. However, only a slight decrease in response to 
superphosphate was observed for P .radiata on a deficient 
site in Eastern Australia (Gentle et a l . , 1968). Klem
(1968) considered, that despite the increase in cambial 
activity following fertilization, average tracheid length 
for European coniferous species was very little affected.
Posey (1964) observed that an average tracheid length 
for 12- and l6-year-old trees of P .taeda decreased 
(relative to the control trees) by 12 and 11 per cent 
respectively, immediately after fertilization with N + P; 
seven years later, the differences were still 5 and 6 
per cent. Zobel et a l . (1961) also observed average 
tracheid length for P ,taeda decreased after N-P-K 
fertilization though the difference was not significant.
8.2 Materials
Six one-quarter-acre rectangular plots (Fig. 3) 
were established in 27-year-old E .regnans forest at 
Dowey Spurr, Powelltown, Victoria. Plots 1-4 were 
situated N.E. of the fireline on a slight, uniform slope 
having a S.E. aspect. Plots 5 and 6 were situated S.W. 
of the fireline in an almost level basin. Each plot was 
22 yd x 55 yd with the long axis oriented parallel to 
the slope. The buffer zones separating plots were at 
least 11 yards wide.
The experiment comprised one fertilizer treatment 
and a control each with three replicate plots. Stocking
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N
DOWEY
SPURR
Scale -  chains
Fig. 3* Location of fertilizer trial plots in 28-year-old 
regrowth E.regnans at Powelltown, Victoria.
Plots 1, 4 , and 6 were fertilized and Plots 2, 3 > 
and 5 served as controls.
99
on the plots was irregular and Plot 5 and 6 each had a 
very large gap containing mainly Acacia species and 
bracken Pern. Therefore one of these plots was 
designated a control and the other fertilized. Apart 
from this restriction, the treatment plots were 
designated randomly.
A mixed fertilizer containing nitrogen, potassium, 
calcium, phosphorus, and sulphur as the following salts 
was applied:
The fertilizer was broadcast manually and to facilitate 
uniform distribution, string was laid along the length 
of each fertilized plot at intervals of 6 feet.
For the examination of wood properties, trees were 
randomly selected from each of the following size 
classes:
All trees in these classes at the start of the experiment 
were eligible for selection. The number of trees 
sampled per treatment for the large-, intermediate-, 
and small-size class was 20, 17» and' 10 respectively.
Eighteen months after the experiment was begun, 
each of the U'J trees per treatment was sampled by 
removing an increment core, 1 in. x 1 in.-square, at 
breast height, in the N. direction.
3 cwt/ac
(NHz+)2SOz+ : 3 cwt/ac
C a .superphosphate : 9 cwt/ac. 
(22% P)
(1) large
(2) intermediate
(3) small
16.0- 20.9 in d.b.h.o.b.
11.0- I5.9 in d.b.h.o.b.
5.0- 9*0 in d.b.h.o.b.
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8. 3 Methods
8.3.1 DIAMETER GROWTH
Initially, the diameter over bark at breast height 
(d.b.h.o.b.) of each plot tree was measured and recorded; 
thereafter it was remeasured at 6-month intervals. Data 
were examined to determine the effects of fertilization 
on diameter growth for trees on these plots.
8.3.2 FIBRE LENGTH AND WOOD DENSITY
For the examination of the effects of fertilization 
on fibre length and wood density, the wood produced 
during the two years prior to beginning the treatment 
was compared with that produced during the subsequent 
18-month period.
Since many of the small-sized trees sampled did not 
grow during the experimental period, the effects of 
fertilization on wood properties were not examined for 
trees in this class.
8.4 Results
8.4.1 GROWTH OF ALL PLOT TREES
The basal area and the respective basal area 
increment of each plot, for each 6-month period, are 
given in Table 17.
Basal area increment for the fertilized plots, as a 
percentage of their total basal area, was larger than for 
the control plots during the winter periods (April - 
October, 1967 and 1968). However, during the summer
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period (October, 1967 - April, 1968) basal area, for the 
fertilized plots increased more slowly than that for the 
control plots.
With the exception of Plot 1 (fertilized) basal area 
increment of each plot was greater during the winter 
period in 1968 than during the corresponding period in 
the previous year. Fortnightly dendrometer-band 
measurements indicated the poorer growth of 1967 was 
caused by an autumn drought. During late spring 1967 
and summer 1968 the State of Victoria again experienced 
a severe drought and two suppressed trees died on the 
most heavily stocked plot (Plot 3 )«
There was considerable variation between plots in 
basal area and in the total number of living trees. 
Stocking accounted for the large basal area of Plot 3 
(42 sq. ft. and 52 trees) compared with that for Plot 6 
(27 sq. ft. and 29 trees). However, Plot 2 (37 sq. ft. 
and 34 trees),had fewer trees but a larger basal area 
than Plot 5 (31 sq. ft. and 39 trees) and so variations 
in stocking intensity were also important. Although the 
patterns of distribution of trees on Plots 5 and 6 were 
similar, there were fewer, more crowded trees on Plot 6 
than on Plot 5 » Consequently, during the periods 
April - October, 1967 and 1968, the basal area increment 
for Plot 6 was greater than for Plot 5 » but throughout 
the summer period, when moisture was limiting, the 
reverse trend occurred.
The effect of fertilization on diameter growth was 
examined by t-tests of the logarithmically transformed 
data, the results for the large-, intermediate-, and 
small-size classes being given in Table 18. The largest
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Table 18. Diameter response to fertilization.
Growth Period SizeClass D. F. t-value^
Signi- 
ficance
A p r . '67-Oct.'67 Small 64 3.06 **
Int. 110 4.00 ***
Large 45 2.13 *
Oct . '67-Apr.'68 Small 64 -0.57
Int. 110 -0 . 85
Large 45 -O.29
A p r . ’68-Oct. '68 Small 64 2.27 *
Int. 110 2 . 36 *
Large 45 2.22 *
Apr.*67-Oct. *68 Small 64 2.43 *
Int. 110 2.53 *
Large 45 1.64
Note: 1. t-values for the respective size classes
were based on all qualifying trees in 
either treatment. Data were transformed 
logarithmically.
io4
proportional increase in diameter growth in response to 
fertilization occurred for intermediate-sized trees. 
Moreover, the proportional increase was greater for 
trees in the small-size class than for those in the 
large-size class.
The t-values also showed the effect of fertilizer 
on diameter growth was greatest during the first 6-month 
period after treatment, was insignificant during the 
summer period, but significant during the winter period 
of 1968. The overall effect of fertilization for the 
18-month period was significant for the small- and 
intermediate-size classes, but not for the large-size 
class.
The growth responses for replicate plots in each 
treatment were also tested; of the 72 pairs examined, 
those for which the plot responses differed significantly 
are given in Table 19» Significant differences in growth 
between replicate plots were most common for the 
large-size class, possibly due to differences in 
competition by trees in the smaller classes.
All t-values presented, except for the difference 
in growth of small trees in Plots 1 and 4, indicated 
proportional diameter increment for trees in the same 
size class increased in the direction from Plot 1 to 
Plot 6.
8.4.2 GROWTH OF TREES SAMPLED
The stratified-random sampling procedure ensured 
similar initial average diameters of trees for both 
treatments in each size class. The average diameters of 
trees for both large- and intermediate-size classes were
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Table 19. Powelltown fertilizer trial: within
treatment differences in diameter response.
Growth
Period Treatment
S i ze 
Class Plots D.F. t -value'*’
Signi - 
ficance
Fert. Int. 4 & 6 37 -2.30 *
A pr. 67 - Unfert. Small 2 & 5 23 -2.16 *
Oct. •67 Unfert. Int. 2 & 3 28 -2.06 *
Unfert. Large 2 & 3 14 -2.86 *
Oct.’67- Fert. Large 1 & 4 16 -3 .O7 **
A p r .»68 Unfert. Large 2 & 3 14 -2.97 *
Unfert. Large 3 & 5 12 -2.36 *
Fert. Small 1 & 4 14 3.23 **
Fert. Small 4 & 6 16 -2.33 *
A pr.»6 8 - Fert. Int . l & 6 26 -2.79 **
Oct.»68 Fert. Int. 4 & 6 37 -2 .4l *
Fert. Large l & 4 16 -3.13 **
Fert. Large l & 6 16 -2.72 *
Fert. Small 4 & 6 16 -2.18 *
A p r .»67 - Fert. Large l & 4 16 -3.93 **
Oct.»68 Unfert. Large 2 & 3 14 -2.70 *
Unfert. Large 2 & 3 14 -3.63 **
Notes: 1. Only plot combinations for which diameter
response differed significantly are 
presented.
2. t-tests were based on logarithmically 
transformed data.
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slightly smaller for the fertilized treatment than for 
the unfertilized treatment, but the differences were 
insignificant (Table 20).
Fertilization caused a significant increase in 
diameter growth for trees sampled in the large-size
class (t38 2.48) but not for those in the
intermediate-size class (t32 -O.63). The result for
the large-size class was similar to that for average 
diameter growth of all trees in the class (t^ = 1.64 -
Table 18), but the effect of fertilization on growth of 
trees sampled in the intermediate-size class differed 
from the significant increase for all trees in the 
class (t11Q = 2.53).
8.4,3 FIBRE LENGTH AND WOOD DENSITY
The fibre length, wood density, and diameter 
increment observations for each tree sampled in the 
large- and the intermediate-size classes are enumerated 
in Appendix C, and the treatment averages are given in 
Table 21. Fibre lengths before and after fertilization 
are shown in Plate 1 for four representative trees in 
each treatment.
There were considerable differences in fibre length 
and wood density between trees within any comparable 
group. The coefficients of variation were approx. 5 
per cent for fibre length and approx. 8 per cent for 
wood density. However, the corresponding ranges between 
extreme trees were approx. 17 per cent for fibre length 
and 30 per cent for wood density, so phenotypic 
variations were large for both properties.
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Table 20. Response in fibre length, wood density, and 
radial increment to fertilization.
Variable
SIZE CLASS
Large Intermediate
D.F. t-value^ D.F. t-value
UNMATCHED DATA (Fertilized -- Unfertilized)
Dbhob Before 38 -1.24 32 -0.9k
Diam. Inct.:
Apr.'67 - Oct.*68 38 2.48* 32 -O.63
Fibre Length: Before 38 2.53* 32 1.91
After 38 -3.94*** 32 -2 .92**
Wood Density: Before 38 3 .38** 32 -O.38
After 38 0 32 -0.73
Difference
(After-Before):
Fibre Length 38 -9 .49*** 32 -8 .96***
Wood Density 38 -3.44** 32 -0.4l
MATCHED DATA (After-Before Treatment)
FERTILIZED PLOTS:
Fibre Length 19 -8 .71*** 16 -10.93***
Wood Density 19 2.4l* 16 1.15
CONTROL PLOTS:
Fibre Length 19 5.11*** 16 2.86**
Wood Density 19 9 .78*** 16 I .83
Note: 1 t-values are based on logarithmically 
transformed data.
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Table 21. Powelltown fertilizer trial: average fibre
length and wood density estimates for large- 
and intermediate-sized trees.
LARGE SIZE CLASS (20 trees/treatment)
Fertilized Unfertilized
After Before Mean After Before Mean
FIBRE LENGTH
Mean (mm) 0.95 1.01 0. 98 1.02 O .98 1.00
S .D . (mm) 0.06 0.06 0.05 0.05 0.04 0.04
C.V. \io) 6 . o 5.5 5.1 5.2 4.1 4.0
R^iSe,.) 
Mean '' ' 20.0 25.7 17.3 22.5 19.4
O0- \1— 1
WOOD DENSITY
Mean (g/cc) 0.56 0.54 O .56 0.56 0.50 0.34
S.D. (g/cc) 0.05 0.04 0.05 0.03 0.03 0.03
C.V. do) 9.7 8.1 8.9 5.3 5.6 5.6
Mean v/ ' 39.3 35.2 26.8 21.4 20.0 20.4
INTERMEDIATE SIZE CLASS (17 trees/treatment)
Fertilized Unfertilized
After Before Mean After Before Mean
FIBRE LENGTH
Mean (mm) 0.96 1.02 0.99 1.01 0.99 1.00
S.D. (mm) 0.05 0.05 0.05 0.05 0.03 0. 04
C.V. do) 5.6 5.3 5.1 5.1 3.5 4.0
Range x 
Mean '' ' 17.7 19.6 18.2 16.8 12.1 13.0
WOOD DENSITY
Mean (g/cc) O.56 0.55 0.55 0.57 0.55 0.36
S.D. jg/cc) 0.05 0.06 0.05 0 . o4 0.04 0.04
C.V. do) 9.9 11.0 9.1 7.9 7.9 7.1
Ran^e 
Mean v/ ' 37.5 4o. 0 32.7 29.8 29.1 23.0
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Plate 1. Response in fibre length to fertilizing 
28-year-old regrowth forest.
Fibre lengths after and before treatment 
are shown for four fertilized and four 
control trees.
110
T-values for differences between the treatments in 
average fibre length, wood density, and relevant growth 
parameters are given in Table 20.
Although the average diameters of trees sampled in 
the fertilized and unfertilized treatments were not 
significantly different at the start of the experiment, 
there were some significant differences in wood 
properties in the two years prior to treatment. For 
trees in the large-size class, both average fibre length 
(t^g = 2.53) and average wood density (t^g = 3*38) of 
trees subsequently fertilized were significantly larger 
than for the control trees sampled. However, the 
corresponding differences were not significant for trees 
in the intermediate-size class (t „ = 1.91 and t 0 =
- O.38 for fibre length and wood density respectively).
Fertilization caused a very highly significant 
decrease in average fibre length for trees of both large- 
(t^g = -9*^9) and intermediate- (t^0 = -8 .98) size 
classes, the effect being consistent for almost every 
tree. T-tests for matched data before and after 
treatment indicated fibre length increased considerably 
in the unfertilized trees (t^^ = 3*H ; t-^ g = 2.86) but 
decreased in the fertilized trees (t^^ = -8 .71; t^g =
-10.93).
Although fertilization caused a decrease in average 
wood density relative to the control, the response 
differed for trees in the large- and intermediate-size 
classes. In the large-size class, average wood density 
of the fertilized trees increased significantly in the 
18 months after treatment (t^^ = 2.4l), but the 
corresponding increase for the control trees was even
Ill
greater and very highly significant (t^^ = 9*78). Thus 
the net response to fertilization for large-sized trees 
was a highly significant decrease in average wood 
density (t g = -3.44). In the intermediate-size class, 
although the density changes following fertilization 
parallelled those for the large-size class, the net 
decrease was insignificant (t ? = -0.4l).
The correlations between both fibre length and wood 
density before and after fertilization were very highly 
significant (Table 22), those based on fertilized trees 
being consistently larger than the corresponding 
correlations based on control trees.
Table 22. Correlation coefficients^ for both fibre 
length and wood density after and before 
fertilization.
Size
Class Variable D. F. Fertilized Unfertilized
Large Fibre length 18 0.84 *** O .69 ***
Wood Density 18 0.62 ** 0.56 **
I n t . Fibre length 15 0.91 *** 0.83 ***
Wood Density 15 O .73 *** 0.62 **
Note: 1. Data were transformed to logarithms
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9. THINNING AND WOOD PROPERTIES
9 .I Literature
The studies relating thinning and wood properties 
indicate cell length and wood density are controlled by 
a balance between the tree’s physiological activity and 
the stand environment. If this balance changes with 
increasing age because of increasing suppression the 
pattern of seasonal growth variations and likewise those 
of wood density and fibre length variations may be 
affected; in this situation thinning may affect wood 
propertie s .
Release from suppression resulted in greater average 
wood density for several North American ring-porous 
hardwoods, viz. Fraxinus americana, Hicoria ovata,
H ,glabra, Ulmus thomasii, Quercus bicolor, Q.velutina, 
and Juglans nigra (Paul, 1963), since it increased 
production of the thicker-walled cells typical of the 
latewood zone. The radial density variations among the 
diffuse-porous species examined were more variable but 
average density also tended to increase following 
thinning.
Comparing trees of Pinus patula in which ring width 
increased with age and trees showing the more usual, 
opposite trend, variations in ring width did not 
significantly affect the radial wood density variations 
(Turnbull, 19^-7), and a similar conclusion was reported 
for P ,patula and P ,taeda in variously thinned plots
(Banks and Schwegmann, 1957)« However, density in the
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coniferous species examined by Paul (1963) either 
decreased or increased following thinning, depending on 
their stand structure and the environment. For three 
P .palustris stands examined, accelerated growth following 
thinning sometimes resulted in an increase in basic 
density, sometimes in a decrease, and at other times a 
considerable fluctuation occurred. In a stand of 
P .echinata released from suppression at 35 years of age, 
average basic density decreased. Conversely, in 
9-year-old P .taeda, thinning caused a large increase in 
both the proportion of latewood and basic density (Smith, 
1968). Both wide and very narrow growth rings in 
softwoods usually contain a large proportion of earlywood 
so that, in these species, wood produced at extreme 
growth rates tends to be less dense than usual.
Thinning resulted in increased growth in 30-year-old 
trees of Ps.menziesii but neither the proportion of 
earlywood nor the average basic density was affected 
(Erickson and Lambert, 1958)» However, in combination 
with N-P-K fertilization, the proportion of earlywood 
increased and so the wood density decreased by 18 per 
cent, which was considerably greater than the decrease 
of 8 per cent in response to fertilizer alone.
An immediate effect of thinning is to increase the 
total amount of water per tree. In a wet year, the 
initiation of latewood formation in Pinus palustris was 
observed to occur later in the summer than in a drier 
year (Paul and Marts, 1931)« After thinning P .banksiana 
and P .resinosa, Zahner and Oliver (1962) observed soil 
moisture was consistently greater around thinned trees 
than around controls, often more than twice as much
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being available. As a result, thinning delayed the 
changeover from earlywood to latewood production by 
maintaining photosynthesis, auxin synthesis, and general 
crown activity at a high level for a longer period than 
in the unthinned treatments. Irrigation was similarly 
observed to delay the changeover from earlywood to 
flattened-latewood production in P,resinosa (Zahner 
et al., 1964).
Irrigation treatments did not always change the 
proportion of latewood similarly. Paul and Marts (l93l) 
observed that irrigation resulted in a greater proportion 
of latewood and hence in greater average wood density 
than in control trees. However, though tracheid diameter 
in P .resinosa was greater in irrigated trees than in 
droughted trees, irrigation did not change the proportion 
of latewood (Zahner et al. , 1964). In 3-year-old 
P ,taeda the proportion of latewood in trees grown in soil 
maintained near field moisture capacity was much less 
than in those grown under simulated drought conditions 
(Zahner, 1962).
In a climate characterized by a very cold dormant 
season, cambial activity in Quercus, Populus, and Pinus 
species commenced five to ten days earlier in thinned 
stands than in the controls (Savina, 1936).
Few results concerning the effects of thinning on 
cell length have been published. Savina (1936) observed 
that in Quercus, Populus, and Pinus species, thinning 
resulted in an increase in cell length relative to the 
controls. Moreover, the response was quantitative for 
the two thinning-intensity regimes examined, the relative 
increase being greater for the heavier thinning and for 
the lesser crown classes.
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9.2 Materials
Samples for the investigation of thinning effects 
on fibre length and wood density were obtained from 
3^-year-old trees in a thinning trial plot established 
at Powelltown in April 1963.
The plot was situated in natural regrowth E .regnans 
forest on a S. aspect between a fireline and Brittania 
Creek. Slope of the site decreased with increasing 
distance from the creek.
At establishment, the plot details supplied by the 
Forests Commission of Victoria were as follows:
Basal Area No. Stems Mean D b h o b . Av. Square
(sq. ft.) per acre (ins) Spacing(ft)
Before thinning 176 176 12.9 15.7
After thinning 91 55 17.3 28.6
In the present study, only trees from the 2-tree­
wide buffer zone surrounding the plot were sampled to 
represent the thinned class.
The E .regnans forest type has at least three 
recognizable crown classes. Thinning was carried out by 
ring-barking the small trees leaving either co-dominant 
or dominant trees. Therefore, to avoid possible effects 
associated with tree vigour on wood properties, selection
*
This plot was one of a series established by the 
Forests Commission of Victoria.
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of trees in both thinned and unthinned classes was 
confined to the co-dominant stratum. Fourteen thinned 
trees from the plot buffer zone and thirteen control 
trees from the surrounding forest were sampled in April 
1968. Trees selected in the thinned class had crowns 
free on all sides whereas those in the unthinned class 
were of comparable size, but their crowns competed with 
at least one neighbour.
The selected trees were each sampled by extracting 
a 1 in. x 1 in.-square increment core at breast height 
in the N. direction.
9» 3 Methods
Analysis of thinning effects on fibre length and 
wood density was based on comparison of the wood 
produced during the four years after the thinning year 
(1964-1967) with that produced during the preceding four 
years (1959-1962).
9,h Results
Average ring width, fibre length, and wood density 
data for each tree are enumerated in Appendix D and the 
average values for each treatment are given in Table 23. 
Fibre lengths before and after thinning are shown in 
Plate 2 for two representative trees in each treatment.
The growth response (radial increment measured from 
core samples) following thinning was variable. Nine of 
the fourteen trees sampled in the thinned class showed 
an increase in radial growth, but the other five trees
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Table 23. Powelltown thinning trial: variation in average
ring width, fibre length, and wood density.
Thinned Class 
(14 trees)
Unthinned Class 
(13 trees)
After Before Mean After Before Mean
RING WIDTH
Mean (mm) 
S.D. (mm) 
C.V. (%)
(%)Mean
6.27
1.59
25.4
72.7
5.44
1.31
24.0
98.0
5.86
1.32
22.5
69.5
4.47
1.33
29.7
108.3
5.01
1.79
35.7
140.5
4.75
1.51
31.8
124.0
FIBRE LENGTH
Mean (mm) 
S.D. (mm) 
C.V. (%) 
Range 
Mean v/o/
1.15
0.04
3.5
12.2
1.12 
C .05 
4.6
17.9
1.14
0.04
3.5
11.4
1.11
0.06
5.3
17.1
1.14
0.08
6.8
21.1
1.13
0.06
5.3
17.7
WOOD DENSITY
Mean (g/cc) 0.56 0.55 0.55 0.57 0.58 0.58
S.D. (g/cc) 0.06 0.04 0.05 0.07 0.06 0.06
C.V. (%) 10.2 8.1 9.1 12.0 10.6 10.3
Range m  
Mean 35.7 23.6 29.1 38.6 36.2 37.9
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Plate 2. Response in fibre length to thinning 3^-year-old 
regrowth forest.
Fibre lengths after and before treatment are 
shown for two thinned and two control trees.
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did not respond. Growth of five of the thirteen trees 
sampled in the unthinned class also increased. Although 
the trees sampled were all from the co-dominant stratum, 
absolute diameter growth during these eight years 
differed greatly between trees (Table 23). The 
coefficient of variation for ring width was between 22 
and 36 per cent, and the range between extreme trees, as 
a percentage of the average of all comparable trees, was 
greater than 70 per cent.
The variations in fibre length and wood density 
between trees, although much smaller than for ring width, 
were also substantial. The coefficient of variation for 
fibre length was small (approx. 5 per cent) but the 
range in fibre length between extreme trees was between 
11 and 21 per cent. Wood density for different trees 
was more variable than fibre length, the coefficient of 
variation being approx. 10 per cent and the range 
between extreme trees approx. 35 per cent.
To determine which effects of thinning were 
significant, t-tests were made, and the results are 
presented in Table 24.
During the four years prior to thinning, average 
ring width of trees in the thinned class was slightly 
larger (t = 0.97)» but both average fibre length 
(t^_ = -O.73) and average wood density ( t ^  = -1.4l) 
were less than for trees in the unthinned class.
However, none of these differences were significant.
After 1963» average ring width of the unthinned 
trees decreased though not significantly (t  ^ = -2.08), 
but average ring width of trees in the thinned class
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Table 24. Ring width, fibre length, and wood density 
responses to thinning.
Variable D. F. t -value"*" Significance
UNMATCHED DATA (Thinned-Unthinned)
„ . . ,, , BeforeRing width: .After
„ ., , BeforeFibre lengtn: ,Atter
,, , . . , BeforeWood density: Ay After
25
25
25
25
25
25
0.97
3.28
-0.73
2.11
-1.41
-0.71
**
*
Difference (After-Before):
Ring width 25 3.14 **
Fibre length 25 4.13 -***
Wood density 25 0.99
MATCHED DATA (After-Before Treatment)
THINNED CLASS:
Ring width 13 2.4o *
Fibre length 13 2.33 *
Wood density 13 0.60
UNTHINNED CLASS:
Ring width 12 -2.08
Fibre length 12 -3.33 **
Wood density 12 -0.80
Note: 1 t-values are based on logarithmically 
transformed data.
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increased significantly (t^ 3 = 2.4o). Thus, relative 
to the control, thinning resulted in a highly significant 
increase in average ring width (t = 3*1^)*
Changes in both average fibre length and average 
wood density in response to thinning parallelled those 
for average ring width. Average fibre length of the 
unthinned trees decreased highly significantly ( t ^  = 
-3*33) whereas that for the thinned trees increased 
significantly ( t ^  = 2.33) making the net increase in 
fibre length in response to thinning very highly 
significant ( t ^  = ^*13). However, none of the observed 
changes in average wood density following thinning were 
significant. Average density of the unthinned trees 
decreased slightly = -0*80) and density of the
thinned trees increased slightly (t-^ = O.60), so the 
net increase in wood density in response to thinning was 
also low (t^ = 0.99)«
These changes in average ring width, average fibre 
length, and average wood density in response to thinning 
suggested associations between them at the individual 
tree level. However, with one exception, the relative 
change in ring width after the thinning year was not 
significantly correlated with the relative change in 
either fibre length or wood density (Table 25). In the 
unthinned class, trees that increased in ring width 
after 1963 also tended to increase in wood density and 
fibre length, the correlations with the latter being 
significant ( r ^  = O.69). However, in thinned trees for 
which ring width increased, both fibre length and basic 
density tended to decrease.
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Table 25. Correlations between the relative responses 
in ring width, fibre length, and wood 
density to thinning.
Variates
Thinned Unthinned
D.F. r D.F. r
Ring width & wood density 12 -O.3I 11 0.38
Ring width & fibre length 12 00C\i•O1 11 0.69**
Wood density & fibre length 12 -O.27 11 0.32
Note: 1. Each of the variables is of the
form: value after thinning year
value before thinning year
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10. GROWTH RATE AND WOOD DENSITY
10.1 Materials
Girth increments of certain trees in the Powelltown 
fertilizer trial were recorded at fortnightly intervals 
to enable an examination of seasonal variations in 
diameter growth rate and wood density.
When the dendrometer bands were originally fitted 
in April 1967» the outer fibrous bark of each tree was 
shaved to minimize the settling-down period. 
Unfortunately, the cambium was sometimes accidentally 
damaged, causing local kino exudation, and trees for 
which the measurement of increment was affected were 
excluded from the analysis. Twenty-one were examined.
10.2 Methods
A computer programme was written for processing the 
girth increment data for each tree and then plotting it 
in a. form directly comparable with the wood density 
trace for the corresponding sample.
The dendrometer-band measurements were girth 
increments (inches) usually recorded at l4-day intervals. 
Dividing these increments by the corresponding times 
(days) and multiplying by a scale factor gave measures 
of radial growth rate (cm/year). When decrements were 
observed, successive values for both growth and time 
were cumulated until net growth became positive; radial 
growth rate was then calculated for the corresponding
total number of days. For each tree, growth rate 
(cm/year) was plotted against cumulative radial 
increment (cm).
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From the dendrometer-band data for each tree the 
radial increment was calculated for each month and then 
the boundaries for growth in successive months were 
plotted on the abscissa of the corresponding growth rate 
graph.
The radial increment of each tree during the 
18-month period (derived from girth increments) was 
marked on the corresponding wood density trace, the 
outer boundary being the outer end of the trace. Using 
a pantograph, the appropriate section of each wood 
density trace was then enlarged and superposed on the 
corresponding growth rate graph.
The radial growth rate and wood density variations 
for each tree were quantified at monthly intervals using 
a rating scale of ten equal divisions encompassing the 
total range for each variate. Average monthly growth 
rate and wood density ratings of the 21 trees were 
calculated in two ways:
(1) arithmetic average;
(2) weighted average
x Weigh ted
i=l
where x .x = ratxng class
f . = class frequency
k = total number of classes.
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10.3 Results
As examples of the observed seasonal variations, 
the superposed growth rate and wood density graphs for 
one large- and one intermediate-sized tree are presented 
in Fig. 4. These graphs illustrate the different ranges 
between minima and corresponding maxima observed in the 
growth rate and wood density variations of individual 
trees and in both the growth rate and wood density 
variations of different trees. Dividing the range for 
each graph into ten equal divisions, 0-9» enabled a 
rapid, yet accurate relative comparison of the seasonal 
trends in growth rate and wood density of different trees.
The radial growth rate and wood density ratings for 
each tree at monthly intervals are enumerated in 
Appendix E. The arithmetic and weighted monthly 
averages of the 21 trees are given in Table 26 and are 
plotted in Fig. 5» Weighted averages, for which class 
frequencies were squared, gave a more realistic 
interpretation of the data and hence were used in the 
statistical analyses.
10.3.1 GROWTH RATE
Seasonal growth rate variations, as expected, were 
very large. During the winter months, June to August, 
average growth rate in both years (1967 and 1968) was 
small, as also in late summer during February and March. 
The usual spring growth flush occurred from November to 
January but the average growth rate in May varied 
greatly in the two years.
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Table 26. Seasonal variations in average growth rate 
and wood density^ of 21 trees.
Month/Year
Radial Growth Rate Wood Density
Arithmetic 
Average
Weighted
Average
Arithmetic 
Average
Weigh ted 
Average
5/67 1.62 1.55 4.14 3.94
6/6 7 2.19 2.07 4.00 3.73
7/67 1.52 1.56 4.19 4.12
8/67 1.57 1.67 4.81 5.00
9/67 1.76 1.75 4.76 4.98
10/67 2.71 2.57 5.00 4.39
11/67 4.86 4.98 5.29 5.38
12/67 6.48 6.66 4.57 4.25
1/68 6.14 6.92 4.33 4.16
2/68 3.38 3.27 3.57 3.17
3/68 1.86 1.75 3.48 3.15
4/68 4.00 3.53 3.90 2.80
5/68 6.48 6.70 5.86 5.88
6 / 68 2.33 2.56 6.71 7.48
7/68 1.62 1.76 6.48 6.78
8/68 2.00 2.12 6.38 6.3^
9/68 2.76 2.96 5.43 5.45
Note: 1 . Relative seasonal variations in radial
growth rate and wood density were 
derived for each tree as described in 
Section 1 0 .2 . Hence these variates do 
not have units.
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Arithmetic average: Growth rate 
Wood density
Weighted average : Growth rate 
Wood density
Monthly rainfall.......
Mean monthly temp.
50 .
autumnspringwinter
Fig. 5. Seasonal variations in average radial growth
rate and average wood density of 21 trees each 
28 years old.
Lower: seasonal variations in rainfall and
temperature at Powelltown during the same 
18-month period.
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10.3.2 WOOD DENSITY
Average monthly wood density increased from May to 
August 1967, remained relatively constant until November 
and then decreased steadily to a minimum level in March 
1968. Thereafter it increased rapidly to a maximum in 
June 1968 and remained at a higher level throughout the 
winter than during the corresponding period in 1967.
For comparison the following climatic periods were 
distinguished:
The average wood densities in these periods for 
each tree examined are given in Table 27. The 
differences in weighted average density of wood produced 
during different periods were tested, t-values being 
given in Table 28.
Average density of wood produced during winter 1967 
was less than in the following spring (t^Q = -0.72) but 
was greater than in late summer 1968 (t^Q = 0.99) 
although neither t-value was significant. However, 
density in winter 1968 was significantly larger than in 
each of the other three seasons (t^Q ~ -4 .63; -2 .85; and 
-4.65 when compared with winter 1967, spring 1967» and 
late summer 1968 respectively). Also, average density 
during spring 1967 was significantly larger than in late
(1) winter 1967:
(2) s pring 1967:
(3) late summer
May 1967 - August 1967
November 1967 - January 1968
1968 : 
(4 ) winter 1968:
February 1968 - April 1968 
May 1968 - August 1968
summer 1968 (t^Q = 2.13).
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Table 27. Radial growth rate and wood density of individual 
trees in different seasons.
Tree
No.
Radial Growth Rate Wood Density
Growth Periods Growth Periods
5/67-
8/67
11/67-
1/68
2/68-
4/68
5/68-
8/68
5/67 - 
8/67
11/67-
1/68
2/68-
4/68
5/68-
8/68
2 2.25 4.67 1.13 3.75 7.75 4.00 5.00 8.75
16 2.25 5.67 1.67 4.00 4.25 4.67 4.67 4.25
21 0.0 4.67 1.67 3.50 4.00 4.00 5.33 7.50
115 1.50 7.33 3.33 2.25 3.00 5.33 3.00 5.00
126 0.0 5.33 2.33 2.50 0.0 6.67 4.33 6.75
132 2.00 4.00 1.67 3.50 5.50 3.32 1.33 9.00
223 0.75 4.00 2.67 2.25 2.75 3.00 3.67 7.50
224 2.25 7.33 4.00 2.00 2.75 4.67 2.67 6.00
242 1.25 6.33 4.33 2.75 6.50 6.00 5.00 8.00
305 1.50 6.33 3.67 2.25 4.75 6.33 1.67 7.00
308 1.50 6.67 3.33 4.00 2.00 6.00 2.00 5.00
314 1.50 5.67 4.00 2.25 3.50 6.67 5.00 6.75
321 2.00 6.67 2.67 3.50 4.25 5.33 2.00 4.00
401 1.75 6.33 2.33 3.25 4.25 4.00 8.67 7.25
403 1.00 5.67 3.00 3.50 4.25 2.00 5.67 5.75
407 2.00 7.00 3.67 3.50 5.00 2.67 1.33 6.25
413 3.25 6.67 4.00 3.75 3.00 4.67 3.00 7.50
429 3.00 6.67 3.00 4.00 7.75 2.67 1.33 6.75
516 2.25 5.33 3.00 2.00 2.25 6.67 5.67 1.25
525 1.75 6.00 2.67 4.00 5.00 4.67 1.67 6.75
528 2.50 7.33 6.33 2.75 7.50 6.00 3.67 6.50
Note: 1. Relative seasonal variations in radial
growth rate and wood density were derived 
for each tree as described in Section 10.2. 
Hence these variates do not have units.
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Table 28. Seasonal differences in wood density during 
the period May 1967 to September 1968.
S easons D. F. t-value^ Significance
5/67-8/67 & 11/67-1/68 20 -O.72
5/67-8/67 & 2/68-4/68 20 0.99
5/67-8/67 & 5/68-8/68 20 -4.63 ***
11/67-1/68 & 2/68-4/68 20 2.13 -*
11/67-1/68 & 5/68-8/68 20 -2.85 **
2/68-4/68 & 5/68-8/68 20 -4.65 ***
Note: 1. t-tests are based on the average wood density
ratings for the respective growth periods.
An important feature of the graph of average wood 
density variations was the minimum during the late 
summer months when average growth rate was restricted by 
moisture stress. However, there were obvious 
inconsistencies in the relationship between seasonal 
wood density and growth rate variations. Average 
monthly wood density decreased consistently from November 
1967 to March 1968 despite the large increase, and then 
equally large decrease in average growth rate. Also, 
though average growth rates during the winter periods of 
1967 and 1968 were similar, average wood density was 
significantly larger during the latter period.
Since the monthly average growth rate and average 
wood density variations were not correlated, an 
explanation for these variations was sought in terms of
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climatic data for the area. Mean monthly temperature 
and monthly rainfall data recorded during the experimental 
period at Powelltown, eight road miles away, are 
presented in Table 29 and are plotted, together with the 
variations in weighted average growth rate and weighted 
average wood density in Fig. 5»
Table 29. Meteorological data for Powelltown’*" during 
the fertilizer trial.
Month/Year Mean Monthly Temperature ( F)
Monthly
Rainfall (pts.)
1/67 62.3 143
2/67 66.2 55
3/67 60.5 191
4/67 56.6 137
5/67 51.0 247
6/67 45.9 252
7/67 45.4 318
8/67 46.2 84l
9/67 49.9 596
10/67 55.1 126
11/67 58.3 l6l
12/67 59.0 576
1/68 66.3 113
2/68 69.4 20
3/68 65.2 170
4/68 59.7 5095/68 49.3 1038
6/68 47.0 827
7/68 50.5 515
8/68 47.0 664
9/68 48.3 384
Note: 1. Powelltown is approximately eight miles
by road from the site of the experiment.
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10.3»3 GROWTH RATE AND CLIMATE
During the winter months from June to August in 
each year mean monthly temperature was closely associated 
with average growth rate, irrespective of monthly 
rainfall. In June and July 1967 monthly rainfall was 
low and though it increased considerably in August, 
average growth rate changed very little. This 
insensitivity to moisture likewise occurred from June to 
August in 1968.
Although mean monthly temperature was also low 
during May, average growth rate in each year was closely 
associated with monthly rainfall, but not with 
temperature. This suggested a time lag in the effect of 
temperature may be important or that some other factor 
such as the light regime also affected growth rate 
during the quiescent period.
During the spring and summer months, average growth 
rate was markedly affected by the interaction between 
temperature and rainfall. The continued increase in 
average growth rate during October and November 1967, 
when current monthly rainfall was very low, undoubtedly 
resulted from the high rainfall received in the 
preceding two months. The six inches of rain received 
in December 1967 was immediately beneficial, but during 
the period January to March 1968 the low monthly 
rainfalls combined with high mean monthly temperatures 
resulted in a rapid decrease in average growth rate.
10.3.4 WOOD DENSITY AND CLIMATE
Mean monthly temperature and monthly rainfall 
variations were more closely related to average wood
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density than was average growth rate, the percentage 
coefficients of determination being 32.2, 36.7» and 0.02
for temperature, rainfall, and growth rate respectively 
(Table 3 0 )•
Mean monthly temperature was negatively associated 
with average monthly wood density (Fig. 5 ). When 
temperature was low during the winter months, average 
density was relatively large and conversely, as monthly 
temperature increased during the spring and summer 
months, average wood density steadily decreased.
However, temperature did not account for the 
significant difference in average density of wood 
produced during the winter periods in 1967 and 1968, this 
difference obviously being associated with the difference 
in rainfall. A general resemblance between the graphs 
for monthly rainfall and corresponding average wood 
density variations was noticeable (Fig. 5 )> but 
irregularities in the rainfall distribution resulted in 
the percentage coefficient of determination of only 36.7.
However, current monthly rainfall is only of 
limited value as an index of the moisture available for 
growth, another equally important factor being soil 
moisture storage capacity. Moreover, the complete cycle 
of cell formation (division, enlargement, and maturation) 
is of approximately six weeks duration so the available 
moisture throughout a considerable period of time is 
likely to be important.
To determine the association between rainfall 
received over a period longer than one month and average 
monthly wood density, multiple regression analyses were
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Table 3 0 » Regressions of seasonal wood density
variations with rainfall and temperature 
variations.
Dependent
Variable
Independent
Variables
Residual 
S . of S .
Coeff. of 
Determination
WD T i 1901.6 32.2
WD T 1 T 2 I75O.O 37.6
WD T 1 T 2 T 3 17^2.3 37-9
WD T 1 T 2 T 3 T 4 1682.6 4 o . 0
WD T 1 T 2 t 3 T 4 T 5 1586.4 43.5
WD R 1 1 7 7 6 .6 36.7
WD R 1 R 2 906.2 67.7
WD R 1 R 2 R 3 4 9 7 .8 82.3
WD R l R 2 R 3 R 4 433.9 84.3
WD R 1 R 2 R 3 R 4 R5 365.1 87-0
WD GR 2 8 0 4 .6 0.02
WD : Total Sum of Squares 2805-7
Notation for Variables
T^ = Mean monthly temperature (MMT): current (°F)
T = M M T : one month past ( °F )
T^ = MMT : two months past ( °F )
T , = M M T : three months past t°F)
T _ = M M T : four months past t°F)
R = Monthly rainfall (MR): current (points)
R 2 = MR : one month past (point s )
R^ = MR : two months past (point s )
R^ = MR : three months past (points)
R = MR :5 four months past (point s )
GR = Monthly growth rate: current (Rating)
WD = Monthly wood density: current (Rating)
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made, relevant results being presented in Table 30. 
Results of similar analyses for mean monthly temperature 
are also presented.
The total sum of squares for variations in average 
monthly wood density (WD) was 2803.7 and the total 
residual sum of squares (RSS) of deviates from its 
regression with current mean monthly temperature (MMT) 
was 1901.6. MMT one month past accounted for only an 
additional 3-4 per cent of variation in WD and the 
linear combination of average temperatures over a period 
of five months accounted for only 43.3 per cent of the 
total variation.
In contrast to the effect of temperature, the 
inclusion of monthly rainfall for one month past and 
then for two months past each successively halved the 
RSS after regression with average wood density. Thus 
rainfall received over a period of three months accounted 
for 82.3 per cent of the total variation in average 
monthly wood density.
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11. DISCUSSION
Although both fertilization and thinning are 
treatments intended to increase diameter growth rate, 
they do so in different ways. Trees in a developing 
stand are competing for light, water, and mineral 
nutrients and fertilization ensures the nutrient supply 
is not a limiting factor. Fertilizer application is 
usually accompanied by more healthy crown development 
within the limits of crown expansion, but because of 
this greater crown development competition may be 
increased for other important factors. When either 
light or water become limiting, the improved nutritional 
status is ineffectual. Hence, fertilization may tend to 
increase the variability in seasonal growth rate by 
promoting growth only in specific seasons, such as in 
spring.
Thinning, in contrast to fertilization, alleviates 
stresses in light, water, and nutrient supplies. It not 
only permits more healthy crown development, and greater 
crown and root system expansion, but also favours a more 
continuous growing season than under unthinned conditions. 
Thus in spring, when water is not limiting, thinning 
enables greater growth because of an improved light 
regime and an improved nutrient status. In summer, 
thinning generally enables more continuous growth by 
reducing competition for water.
Since competition between neighbouring trees 
differs according to their relative sizes, the effect of 
thinning in an irregular forest depends upon the crown
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classes removed. For the same decrease in basal area, 
the effect of thinning on growth of the dominant trees 
will be less if small, rather than large trees are 
removed. A second factor which may have an important 
effect on the growth response to thinning is the 
seasonal climatic variation. In areas characterized by 
very high summer temperatures, thinning has been 
observed to increase evapo-transpiration to such an 
extent that the moisture stress is increased rather than 
decreased,for example, in mixed-species eucalypt forest 
(Hopkins, 1968). Therefore, there may sometimes be an 
important thinning x environment interaction effect on 
the growth response after treatment.
Fibre length and wood density each show systematic 
seasonal variations, and the patterns of these variations 
influence the average fibre length and average wood 
density of a growth ring. Since fertilization and 
thinning affect the patterns of seasonal diameter growth 
differently, they are also likely to affect seasonal 
variations in fibre length and wood density differently, 
a premise supported by the published literature.
Because fertilization affects growth when water and 
light are not limiting factors, it usually affects 
seasonal growth similarly. Since the conifers and 
deciduous hardwoods examined had rather similar patterns 
of seasonal wood property variations, fertilization 
likewise caused similar qualitative responses in average 
cell length and average wood density. However, after 
thinning, wood density in some species increased but in 
others decreased. Furthermore, Paul (1963) observed 
opposite changes following thinning in different stands
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of Pinus palustris; sometimes, the environment after 
thinning resulted in a. relative increase in the 
production of latewood, but at other times its effect on 
earlywood growth was greater. For northern hemisphere 
deciduous hardwoods, Savina (1956) observed thinning 
resulted in greater fibre length in Quereus and Populus 
sp., and Paul (1963) observed that release from 
suppression resulted in more dense wood.
The effects of thinning on average fibre length and 
average wood density of E .regnans supported the 
observations for northern hemisphere hardwoods and the 
effects of fertilization supported the observations for 
other species examined, though these were predominantly 
softwoods.
Fertilization, except for diameter growth and 
average wood density of trees sampled in the 
intermediate-size class, caused a highly significant 
increase in growth, and a highly significant decrease in 
both average fibre length and average wood density. 
Average fibre length of the fertilized trees decreased 
for trees in both the large- and the intermediate-size 
classes whereas the averages for the unfertilized trees 
increased. The net change in average wood density after 
fertilization was also a decrease, although average 
density of the fertilized trees increased slightly.
Irrespective of tree size, the changes in fibre 
length after fertilization were consistent, suggesting 
the importance of a direct nutritional effect on 
vascular cambium activity. However, the changes in wood 
density of different trees were more variable suggesting 
differences between trees in the effect of fertilization 
on crown development and photosynthate production.
These changes in wood properties following 
fertilization were conservative because trees on the 
fringes of the plots were not excluded from selection, 
nor were fertilized buffer strips used. Moreover, the 
long, narrow plot shape favoured a greater number of 
fringe trees than would a square or a circular plot.
Thinning resulted in a very highly significant 
increase in average fibre length and an increase in 
average wood density, although the latter change was not 
significant. However, it is noteworthy that the 
directional changes in ring width, fibre length, and wood 
density varied greatly in both the thinned and the 
unthinned trees. With one exception, there were no 
significant correlations between the relative changes 
after thinning in ring width and wood properties of 
individual trees. Therefore the changes in wood 
properties did not simply result from changes in 
diameter growth, as suggested by the changes in the 
average values of all trees sampled.
Because the seasonal patterns of growth and wood 
properties for the conifers and deciduous hardwoods 
examined were obvious, the effects of fertilization and 
thinning on average wood density and cell length were 
readily related to differences in seasonal wood 
production. However, seasonal wood property variations 
in eucalypts are less conspicuous, and though reported 
for E . d e 1 egatensis (syn. gigantea) by Amos et a l . (l950)?
these have not previously been reported for E .regnans.
The observed seasonal wood density variations in 
E .regnans differed somewhat from those observed for
softwood and deciduous hardwood species. Average monthly
wood density of the 21 trees examined was relatively 
large during the winter months and then decreased 
steadily throughout the spring and summer months to a 
minimum in late summer when growth rate was also minimal. 
Density did not suddenly decrease following resurgence 
of cambial activity after the quiescent winter season.
Because of the rainfall distribution during the 
18-month period, an important relationship between 
rainfall and seasonal variations in wood density was 
observed.
During autumn 1967, little rain was received and 
therefore no autumn growth flush occurred, the majority 
of the 1967 growth ring being produced during the spring 
growth flush from October to December. In contrast, 
heavy rainfall occurred in May 1968 and resulted in a 
major autumn growth flush before the onset of the 
quiescent season in June.
Density of the wood produced in winter was affected 
by the moisture and growth in autumn, density being 
significantly greater throughout the period May to 
September in 1968 than in 1967. Because wood density 
was relatively low in winter 1967} when growth rate 
increased in spring average monthly wood density 
actually increased, although the difference was not 
significant. Most of the variation in average monthly 
wood density during the experimental period was accounted 
for by a linear expression comprising monthly rainfall 
for the current and the two preceding months. This 
rainfall expression approximated the relative soil and 
internal moisture availability during the cycle of cell
Ik 2
production and differentiation, because the soil was 
deep and so had a considerable storage capacity.
Although the relative seasonal changes in wood 
density were similar in large and smaller trees alike, 
the absolute ranges for growth rate and wood density 
were greater in large trees. These absolute variations 
indicate important environmental differences between 
trees in the stand, probably resulting from greater 
seasonal variations in light and water for the larger, 
and hence mope exposed trees. During the most 
favourable growing seasons, the large trees have very 
large absolute growth rates, so under drought conditions, 
the decreases in growth rate of large trees are 
relatively greater than for smaller trees.
The changes in average fibre length and average 
wood density after both fertilization and thinning were 
generally between 5 and 10 per cent of the respective 
mean values. It is equally likely that the variations 
in environment between trees in an irregular stand affect 
the phenotypic variations in fibre length and wood 
density. Therefore, the highly significant phenotypic 
correlations for fibre length and wood density before 
and after treatment may involve a very important 
environmental correlation. However, environmental 
differences are probably less between trees in the same 
crown class than between trees in different classes, and 
since the ranges between extreme trees examined in the 
same crown class were up to threefold greater than the 
changes caused by the imposed treatments, genotypic 
variation may also be important.
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PART D SYSTEMATIC VARIATIONS IN FIBRE LENGTH AND 
WOOD DENSITY IN LARGE TREES
12. INTRODUCTION
The preceding examination of genotypic and 
environmental variation in fibre length and wood density 
relates to specific positions in the stems of either 
seedlings or regrowth trees. In addition, systematic 
fibre length variations at different positions were 
observed in seedlings.
This Part concerns variations in fibre length and 
wood density within the boles of large regrowth trees. 
These variations are considered in the following three 
categories:
(1) variation within growth rings;
(2) variation with distance from pith;
(3) variation with height above ground.
In practice, systematic within tree variations 
complicate comparisons of different trees since 
estimates of fibre length or wood density should not be 
confounded by positional effects. The fibre length and 
wood density data obtained were suitable for a 
comprehensive examination of sample representativeness, 
a desirable adjunct to a programme of tree selection.
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13. WITHIN GROWTH RING VARIATIONS
13.1 Literature
13.1.1 CELL LENGTH
Literature relating to cell length variations 
within growth rings in gymnosperms and angiosperms was 
reviewed by Dinwoodie (1961) and more recently for 
angiosperms by Knigge and Koltzenburg (1963). However, 
as background to the discussion of within ring 
variations in E .regnans some of the references are cited 
herein, together with recent literature.
Because the early investigations of within growth 
ring variations in cell length were for either conifers 
or deciduous hardwoods, comparisons were usually made 
between the distinct earlywood and latewood zones. For 
example, tracheid length was longer in the latewood than 
in the earlywood of Ps .menziesii (Lee and Smith, 1916), 
Pinus banksiana (Kribs, 1928), and Populus sp. (Liese 
and Ammer, 1938). The converse finding of longer 
earlywood tracheids for P s .menziesii (Gerry, 1913» 1916)
was supported by one report for Pinus radiata in which 
tracheid length variations in two consecutive growth 
rings were examined (Wardrop, 19^-9)»
Bisset and Dadswell (19^+9) were first to examine 
detailed fibre length variations based on thin, serial 
microtome sections. They observed variations at a 
number of positions within annual rings of one tree of 
E .regnans and showed fibre length decreased from the
earlywood boundary to mid-ring and then increased to a
145
maximum in the last-formed latewood. The following year 
Amos et a1 . (l950) examined fibre length variations in
several rings of E .delegatens is at each of three heights 
and, more intensively, in one ring at two heights.
After very slow growth during August, resurgence of 
cambial activity was accompanied by a sudden decrease in 
fibre length, followed by a gradual increase across the 
ring to the last-formed latewood. At the period of 
maximum growth rate, the shortest fibres were developed, 
this relationship being striking near ground level but 
less pronounced halfway up the bole. After a further 
examination of eight gymnosperms and 28 angiosperms, 
including representatives from various angiosperm groups 
(viz. ring-porous, diffuse-porous with or without 
definite growth zones, and tropical species), Bisset and 
Dadswell (1950) concluded:
in angiosperms having distinct growth rings, 
a definite increase in fibre length occurs 
from the first-formed earlywood to the 
last-formed latewood within an individual 
ring, followed by a decrease in the 
earlywood of the next ring.
In a few instances, the maximum fibre length occurred 
towards the centre of the growth ring, but they 
attributed this to the effects of sectioning across 
irregular ring boundaries. Variations in tracheid 
length in gymnosperms were similar to those for fibre 
length in angiosperms showing distinct growth rings, 
although the percentage changes were considerably 
smaller. In tropical angiosperms having indistinct 
growth rings fibre length variations were insignificant.
Other species in which fibre length increased from 
the first-formed earlywood to the last-formed latewood
14 6
included Robinia pseudoacacia (Hejnowicz and Hejnowicz, 
1 9 5 9 ) 5  Tectona grandis (Parameswaran, 1964), and
Liriodendron tulipifera (Taylor, 1 9 6 3 )»
Sometimes the type of transition from one ring to 
the next was emphasized. The slope was more gradual for 
Pinus radiata. grown in Kenya (Chalk and Ortiz, 1 9 6 1 ) 
than when grown in a more temperate climate (Bisset and 
Dadswell, 1950). For files of single tracheids traced 
through successive annual rings of Picea, abies, length 
generally increased from the beginning to the end of the 
ring but sometimes decreased towards the end boundary 
(Vasiljevic, 1955)* Also, tracheid length in Pinus 
elliottii, P .taeda, and P .echinata increased from the 
beginning of the earlywood to a maximum at between 47 
and 7 2 per cent of ring width and then decreased to the 
end of the latewood (Jackson and Morse, 1 9 6 5 ). Maximum 
fibre length in the middle of the ring was also observed 
for Liquidamber styraciflua (Webb, 1964), and in the 
hardwoods Ulmus, A c e r , Sambucas, Fraxinus, Betula, Fagus, 
Quercus, and Platanus sp., fibre length changed rapidly 
at the boundaries but remained relatively constant 
throughout much of each growth ring (Süss, 1 9 6 7 ) 0
Two distinct patterns of within ring tracheid 
length variations were reported for Picea sitchensis 
(Dinwoodie, 1 9 6 3 ). In the first two growth rings of the 
breast height disc, tracheid length increased almost 
linearly across the ring, but in outer rings it decreased 
steadily to a minimum in the centre of the ring followed 
by a rapid increase towards the last-formed latewood, 
similar to the pattern described for E .regnans by Bisset
and Dadswell (1949). Nicholls and Dadswell (1 9 6 2 )
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observed in Pinus radiata that tracheid length increased 
from the first-formed earlywood to a definite peak 
associated with false latewood formation. However, in 
samples from trees grown in Kenya, large tracheid length 
was not closely associated with a false ring.
13.1.2 WOOD DENSITY
Within growth ring wood density variations were not 
examined until relatively recently. In the examination 
by Nicholls and Dadswell (op.cit.) basic density of 
P .radiata was more or less constant in the earlywood, 
increased to a minor peak within the false ring, then 
decreased, and finally increased rapidly in the last 
latewood. The pattern of within ring density variations 
was similar for the samples from Kenya although the 
false rings were more prominent than in the Australian 
grown trees. Also using thin microtome sections, basic 
density was shown to remain relatively constant within 
the earlywood and to increase rapidly through the 
latewood in several other gymnosperms (Wellwood and 
Wilson, 1965) .
Continuous recording instruments have made possible 
more accurate examination of within ring density 
variations although technology is not sufficiently 
advanced to fully exploit quantitative aspects of the 
resulting data. Three independent approaches to 
continuously record wood density variations have evolved 
and these were reviewed by Phillips (1965)» Polge (1965a), 
Green (1965)? and Harris and Polge (1967).
The shape of curves representing within ring 
density variations is affected both by genotype and
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environment. Genotypic differences between species 
result in marked differences in the qualitative 
transition from low to high density wood within the 
growth ring. Harris (1967) demonstrated that different 
types of transition may greatly influence the average 
ring density and he suggested the curve shape could be 
quantified by using the parameters average density, 
density variance, and density contrast. Criteria to 
represent qualitative density variations within rings 
were also discussed by Rudman (1968) using as examples 
P,taeda, P.radiata, E .regnans, E .delegatensis, and 
E .grand is.
Significant genotypic variation within a species 
may also contribute to variation in the range and 
transitional density changes in different trees, though 
the magnitude of this has yet to be determined. However, 
striking similarities in density variations within 
corresponding growth rings in different trees of Abies 
grandis from one locality demonstrated a strong 
environmental influence on qualitative wood density 
variations within growth rings (Polge, 1965b). Density 
traces for trees of P,radiata grown in Australian 
plantations substantiate the importance of environmental 
effects on wood density variations (F.H. McKinnell, 
unpublished data).
The objectives in this phase of the work are 
threefold:
(l) to determine within ring variances in fibre
length and wood density at different positions 
in the bole;
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(2 ) to examine the association between fibre 
length and wood density at different height
"Mrlevels within an annual ring;
(3) to determine a suitable within growth ring 
sampling position for an examination of 
fibre length and wood density at different 
positions throughout the bole.
13.2 Materials
Wood samples were obtained in September 1966 from 
three regrowth trees of E .regnans from each of three 
even-aged stands in Victoria., Australia. Site details 
were as follows:
Elevation 
above sea 
level (ft)
Mt. Erica Powelltown Toolangi
2080 600 2600
Rainfall (in./an.) 
(winter max.) 70-80 40-50 50-60
Aspect and 
exposure
S.E.
Exposed
S .
Insular
Level
Exposed
Stand age 
(years) 34 34 44
Tree numbers ER 1 ,2,3 ER 4 ,3,6 ER 7 ,8,9
*
The term 'annual ring* is used when the samples 
considered are from different height levels for the 
same year whereas the term 'growth ring' is used in 
the general sense.
150
This investigation was the first for E .regnans in 
which detailed within tree variations were examined for 
a number of trees. Therefore, within the practical 
limits of the study, it was considered that more 
information would be obtained if trees were sampled from 
several sites rather than sampling the same number of 
trees from a single site. The trees selected in each 
stand were dominants spaced at a minimum distance of 5 0  
yards.
13.2.1 FIELD SAMPLING
After felling each tree, its total height was 
measured and then 2 in. thick discs of wood were removed 
at breast height (4 ft 3 in.) and at 10, 20, 3 0 , 40, 50, 
70, and 90 per cent of total height.
13.2.2 SAMPLE PREPARATION 
See Section 2.
13.2.3 DELINEATION OF GROWTH RINGS
Delineation of growth rings presented little 
difficulty with the trees from Erica and Toolangi, but 
with those from Powelltown, grown in a relatively mild 
environment, ring definition was poorer and subjective 
location was sometimes necessary.
13.3 Methods
13.3.1 FIBRE LENGTH FREQUENCY DISTRIBUTIONS
Fibre length frequency distributions within growth 
rings were examined for several annual rings at three
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height levels in six trees (ER 4-9). A total of 136 
growth rings was sampled.
Each sample was prepared as described in Section 
2.5 and the lengths of 100 fibres were measured.
13.3.2 SYSTEMATIC WITHIN RING VARIATIONS
Detailed fibre length and wood density variations 
were examined within the 1959 growth ring at breast 
height in each of the nine trees sampled. In addition, 
variations in this annual ring at 10, 20, 30, 40, 50,
70, and 90 per cent of total height were examined for 
two trees (ER 6 and 7).
By reference to the appropriate density trace, the 
boundaries of each selected growth ring were marked on 
the dry wood samples. After saturating the wood samples 
with water (using a vacuum apparatus), each of the 
growth rings was dissected into serial 200p. tangential 
longitudinal sections, using a sliding microtome. Fibre 
length was estimated for each sample as described in 
Section 2.5.
To match accurately the graphs of fibre length and 
wood density variations for each growth ring, the 
following procedure was adopted. After dissecting the 
growth ring, the remaining pieces of wood (on either 
side of the ring) were redried and re-X-rayed. The 
density traces for these two pieces of wood were matched 
with that for the same wood sample made before dissecting 
the growth ring. From these superposed graphs, the 
boundaries of the dissected ring could be accurately 
defined.
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13.4__Result s
13.4.1 FIBRE LENGTH FREQUENCY DISTRIBUTIONS
The parameters for each fibre length frequency 
distribution (mean, standard deviation, skewness, and 
kurtosis) are enumerated in Appendix F, and the average 
parameters for each of the six trees are presented in 
Table 31» Skewness and kurtosis estimates were tested 
for significance as in Snedecor (1956, p.200).
Table 31« Average parameters of within growth ring fibre 
length frequency distributions for six trees 
of E .regnans.
Tree
No.
No . 1 
Samples
Mean 
Fibre 
Length 
(m m )
Std. 
D e v n . 
(mm)
Coeff . 
V a r n .
(*)
Ske w ­
ness
Kurt - 
osis
ER 4 19 1.11 0.12 10.8 0.20 -0.10
ER 5 19 1.11 0.11 9.9 0.23 -0.20
ER 6 19 1. l4 0.11 9.6 0.24 0.08
ER 7 27 1.10 0. 11 10.0 0.42 0.29
ER 8 26 1 .09 0.12 11.0 0.29 0.17
ER 9 26 1.11 0.12 10.8 0.43 0.13
Note: 1. Number of growth rings/tree for which
frequency distributions were determined.
Fewer than 20 per cent of all estimates for either 
skewness or kurtosis differed significantly from normal. 
The skewness estimates were almost exclusively positive,
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whereas those for kurtosis varied inconsistently. 
Consequently, the average skewness estimate for each 
tree was positive, those for trees ER 7 and ER 9 
approaching significance, whereas the average kurtosis 
estimates were small and inconsistent.
The coefficients of variation for fibre length in 
growth rings at different positions within each tree, 
and in different trees, were similar, the average values 
for each tree ranging from 9*6 per cent for ER 6 to 11.0 
per cent for ER 8. Irrespective of tree age, this 
source of variation is always important.
13.4.2 WITHIN RING FIBRE LENGTH AND WOOD DENSITY 
VARIATIONS
The matched fibre length and wood density variations 
at breast height and at 10, 20, 30, 40, 50, 70, and 90 
per cent of total height in tree ER 7 are illustrated in 
Fig. 6. This figure also shows qualitative density 
variations for three successive annual rings.
Qualitative density variations in different years 
at the same height level were dissimilar. The 
transitional changes in some growth rings were more 
gradual towards the bark, but in other rings the opposite 
changes were observed. Even at different height levels 
in the same annual ring (tree age approx. 35 years) 
there was generally little resemblance between the 
qualitative density or fibre length variations.
However, the density variations in corresponding 
growth rings close to the pith in different trees are 
noteworthy (Fig. 7). Trees ER 2 and ER 3 (Erica) were
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Fig. 7* Wood density variations at comparable positions 
in two trees from the same site (Erica).
In 1939 these trees were <7 years old.
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less than 5 years old in 1939 and the graphs show a 
close resemblance in their qualitative density variations. 
At greater ages, the patterns of density variations at 
corresponding positions in different trees became 
increasingly dissimilar.
The matched fibre length and wood density variations
(Pig. 6) were slightly out of phase. Fibre length
reached a maximum before density in the first half of 
*the growth ring and then began to decrease while density 
continued to increase. Likewise, fibre length reached a 
minimum before wood density. However, the relationship 
between the maximum wood density and the relative 
magnitude of the corresponding fibre length estimate was 
inconsistent at different height levels. At 10 and 30 
per cent of total height, maximum density corresponded 
approximately to maximum fibre length, but at the other 
height levels, maximum density was associated with an 
average fibre length considerably less than the observed 
maximum.
The range in fibre length within each growth ring 
was approx. 25 per cent of the mean fibre length, but 
since each point of the graph represented the average 
length of 100 fibres, the extreme range in fibre length 
within each growth ring would be greater than 25 per 
cent. These within ring variations (Plate 3) are 
particularly important in relation to sample 
representativeness.
*
A growth ring is arbitrarily defined relative to the 
wood density trace so this description does not connote 
the seasonal variations in fibre length and wood density.
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Plate 3* Fibre length variations at different heights 
within the 1959 annual ring of tree ER 7*
Long and short fibres at breast height and 
at 10, 20, 30 , 40, 5 0 , 70 , and 90 per cent 
of total height are shown.
l6l
The extreme range in wood density within a growth 
ring was approx. 70 per cent of the average density and 
the variance would also be large.
1 3 »5 Discussion
The term 'growth ring' used herein does not connote 
seasonal growth zones of earlywood and latewood as in 
coniferous and deciduous hardwood species. Although the 
growth ring was presumed to represent growth during a 
12-month period, the boundaries were chosen for 
convenience since the pattern of seasonal wood density 
variations for E ■regnans had not been reported. Results 
of the examination of seasonal variations in radial 
growth rate and wood density suggest the growth ring 
boundaries correspond to late summer rather than to 
early spring.
13.3.1 ENVIRONMENTAL EFFECTS ON WITHIN RING VARIATIONS
The environment modifies wood structure through its 
effects on cambial activity and on cell differentiation. 
In softwoods, resumption of cambial activity following 
a dormant phase commenced within the crown and then 
proceeded basipetally to the butt (Young, 1952; Vareing, 
1958; Larson, 1 9 6 2 ) and a similar result was reported 
for E .delegatensis, a eucalypt having pronounced growth 
rings (Amos et a l ., 1950).
Digby and Wareing (1966) reported a correlation 
between the pattern of resumption of cambial activity 
and auxin gradients in a ring-porous tree (Ulmus glabra)
and a diffuse-porous tree (Populus trichocarpa). In the
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diffuse-porous tree, the primary source of auxin was 
produced by the buds and there was a gradient below the 
buds parallelling the basipetal spread of cambial 
activity. However, in the ring-porous tree, auxin was 
presumed to be produced from a precursor simultaneously 
at all height levels at the time of bud-break.
The activity of the vascular cambium at different 
positions in the bole is influenced by crown development 
which in turn depends upon the stand structure and 
prevailing climate. It should be noted that even at 3^ 
years of age the trees of E .regnans were approx. 1^0 ft 
high and the lowest branches were often 70 ft above the 
ground. Kittredge (1962) discusses the analysis of 
environmental variation in forest stands. Horizontal 
light and temperature gradients are undoubtedly large in 
temperate, irregular eucalypt forests since eucalypt 
crowns are very effective in sideways interception of 
light (Jacobs, 1935)* Within stand variations in other 
environmental factors, such as moisture and mineral 
nutrient supplies, would further increase the variations 
in environment between trees.
Since seasonal wood density variations were shown 
to be closely associated with variations in moisture, 
environmental variations would account for differences 
in the qualitative variations in fibre length and wood 
density from year to year, and at different height 
levels in the same year. E .regnans regenerates only on 
bare ground and the environmental variations between 
trees less than 3 years old in an even-aged regrowth 
stand are undoubtedly small. This would explain the 
close resemblance during early life of wood density
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variations between trees from the same site. However, 
as the stand develops, competition between trees 
increases and greater differences in environment are 
accompanied by greater differences in their qualitative 
variations in fibre length and wood density.
13.5.2 REPRESENTATIVE GROWTH RING SAMPLING
Seasonal variations in fibre length and wood density 
were observed to be slightly out of phase, the change in 
wood density following that in fibre length. A similar 
result was previously reported for Pinus radiata 
(Nicholls and Dadswell, 1962) in which the maximum fibre 
length associated with false latewood formation slightly 
preceded that in basic density. This time lag is most 
likely associated with the delay between the processes 
of cell enlargement and cell wall thickening in the 
differentiating wood.
The phase differences in within ring fibre length 
and wood density variations are important in relation to 
an examination of systematic variations throughout the 
bole. For this, it is desirable to choose the sample 
most representative of the average for the entire ring. 
Many past investigations of within tree variations in 
fibre or tracheid length, including that for a single 
tree of E .regnans (Bisset and Dadswell, 19^9)» were 
based on wood samples from the last-formed latewood.
This was satisfactory because cell length in the 
latewood was consistently greater than in the earlywood. 
However, the relationship was more variable in the 
present investigation and so sampling the most dense 
wood of growth rings would result in an unnecessary
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increase in the error variance associated with positional 
fibre length variations. Another disadvantage in 
sampling high density wood is the bias introduced in the 
results. Consequently, rather than a specific zone, the 
whole growth ring was sampled for the examination of 
fibre length and wood density at different positions 
within the bole.
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l4 . QUALITATIVE WITHIN TREE VARIATIONS
l 4 .1 Literature
14.1.1 CELL LENGTH
Sanio (1872) pioneered research into systematic 
within tree cell length variations with a detailed 
examination for Pinus sylvestris. The two of his five 
conclusions relevant to this thesis may be summarized 
thus :
(1) stem or branch tracheid length increased 
outwards from the pith until a constant 
length was reached which was thereafter 
maintained;
(2 ) maximum tracheid length occurred in the 
central bole, decreasing above and below 
this height level.
Later research has shown Sanio*s relationships 
apply in principle to almost all species examined, both 
gymnosperms and angiosperms. Nevertheless, the observed 
variations frequently are less regular. Bertog (l895) 
examined tracheid length variations in trees from a. 
120-yea.r-old mixed A b ies alba - Picea abies forest. 
Tracheid length increased outwards from the pith but 
tended to fluctuate in the wood formed after 30 years of 
age; maximum length occurred at the mid-stem position. 
Other important early contributions for Quercus sp. 
(Eichhorn, 1895) and Pinus palustris, P .strobus, and 
Abies concolor (Shepard and Bailey, 1914) also
emphasized the fluctuations in cell length in the outer
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bole and that the position of maximum tracheid or fibre 
length rose with age.
The importance of alternative co-ordinate sampling 
systems was shown in Picea sitchensis by Chalk (l930). 
Tracheid length within specific annual rings increased 
to a maximum and then decreased at higher levels whereas 
at similar age from pith, tracheid length increased with 
height from ground level to 16 ft, but remained 
relatively constant at higher levels.
During the 1930’s and 1940’s results were published 
sporadically, but subsequently in increasing numbers. 
Literature on cell length variations was reviewed by 
Spurr and Hyvärinen (195^)» Scaramuzzi (1958)»
Schult ze-Dewit z (1959)» and Dinwoodie (1961). More 
specifically, investigations of fibre length variations 
in temperate hardwoods were reviewed by Knigge and 
Koltzenburg (1965).
The general patterns of tracheid length variation 
were observed in softwood species such as Pinus taeda 
(Bethel, 194l), Araucaria cunninghamii (Smith, 1959)» 
Tsuga heterophylla (Wellwood, i960), and Thuja plicata 
(Wellwood and Jurazs, 1968).
In hardwoods, the established trends for fibre 
length variations throughout the bole were observed in, 
e.g. A in us, Betula, Fagus, and Populus sp. (Desch, 1932), 
and E .regnans (Bisset and Dadswell, 19^9)»
Since 1950 many investigators considered only a 
single height level, fibre length being found to increase 
with either age or distance from pith in, e.g. Populus 
tremuloides (Brown and Valentine, 1962), Tectona grand is
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(Kedharnath et a 1 . , I963), E .carnaldulensis (Chudaoff and 
Tischler, 1963)? and E .grandis (Bamber and Humphreys,
1963) .
Other investigators examined both radial and 
vertical position variations in fibre length. Although 
the increase in fibre length with age was always 
observed, different relationships between fibre length 
and height were observed for some species. In the 
majority of species examined, maximum fibre length was 
observed at the mid-stem position, e.g0 in Quercus 
falcata (Hamilton, 1961), Liriodendron tulipifera 
(Thorbjornsen, I961), Fraxinus pennsylvanica (Saucier 
and Hamilton, 1967)» Eucalyptus grandis (Ranatunga,
1964) , and E,gomphocephala (Stern-Cohen and Fahn, 1964). 
However, fibre length decreased consistently with height 
above ground in, e.g. Populus japono-gigas (inokuma
et a l ., 1936), Populus robusta (Liese and Ammer, 1958),
and L.tulipifera (Taylor, 1968a).
Hejnowicz and Hejnowicz (1958) reported that, in a 
single tree of Populus tremula, fibre length at given 
cell number from the pith remained relatively constant 
with increasing height.
14.1.2 WOOD DENSITY
Wood density variations within trees were examined 
earlier than variations in fibre length. For example, 
Chevandier and Wertheim (1848) observed that wood 
density and mechanical properties for several softwood 
and hardwood species increased radially outwards from 
the pith.
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In Betula sp. wood density increased with increasing 
age and decreased with increasing height, being minimal 
in the youngest crown-wood (Stauffer, 1892). In contrast, 
basic density in Quercus sp. decreased with increasing 
age, the densest wood being formed during youth 
(Eichhorn, 1895); moreover, no systematic variation in 
density with height was observed in the branch-free bole 
and wood within the crown was more dense. In gymnosperms, 
density increased with height in trees of a mixed A b ies 
alba - Picea abies forest (Bertog, 1895)? but decreased 
inwards and upwards from a maximum in the outer wood of 
the butt in Pinus sylvestris (Schwappach, 1897) and in 
P s .menzie sii (Sterns, 1918).
The results of two extensive North American 
investigations during the 1930's were also contradictory. 
Wood density decreased with increasing height in Pinus 
strobus, Tsuga heterophylla, Acer saccharum, and Quercus 
alba (Myer, 1930) but increased with increasing height 
in Picea glauca (Hale and Fensom, 1931)*
The majority of more recent investigations for 
softwood species indicate density increases with 
increasing age and decreases with increasing height, 
e.g. in Pinus banksiana (Spurr and Hsiung, 195^)> Tsuga 
heterophylla (Wellwood, i960), and P .caribaea (Schmidt 
and Smith, 1961).
However, Wellwood and Jurazs (1968), in an 
examination of 73 trees of Thuja plicata, observed that 
basic density decreased from the pith to the cambium and 
increased with increasing height. Wahlgren et a l . (1966)
reported that, in some softwood species, wood density 
decreased with increasing height but in others the
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reverse trend occurred. Also, density varied little 
with height particularly above the butt section in Pinus 
ponderosa (Conway and Minor, 1961) and P .contorta 
(Tackle, 1962).
Variations in wood density with height were shown 
to differ between crown classes in 25-year-old 
P ,resinosa (Baker and Shottafer, 1968). In the shortest 
trees density increased consistently with increasing 
height but in the intermediate and tallest trees it 
decreased with height in the lower bole and then 
increased at higher levels.
In hardwood species examined the most common 
pattern of radial density variations observed was an 
increase outwards through the heartwood, e.g. in 
Populus tremuloides (Brown and Valentine, 1962),
Swietenia macrophylla (Briscoe et a l ., 1963), Eucalyptus
grandis/saligna (Villiers, 1965), and E .grand is (Bamber 
and Humphreys, 1963)» sometimes with a high density zone 
adjacent to the pith.
However, investigations for some ring-porous 
hardwood species supported the finding by Eichhorn 
(1895) that density decreased from the centre outwards, 
e.g. in Quercus falcata (Hamilton, 1961), Q,sessiflora 
(Todorovski, 1961), and Fraxinus, Carya, Ulmus, Quercus, 
and Juglans sp. (Paul, 1963).
The most commonly observed pattern of wood density 
variations with height for hardwoods was a decrease from 
the butt to the central bole region followed by an 
increase within the crown, e.g. in Quercus falcata
(Hamilton, 1961), Q.sessiflora (Todorovski, 1961),
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Swietenia macrophylla (Briscoe et a l . , 1963), Eucalyptus
grand is (Bamber et a l . , in press), Liquidamber styraciflua 
(Webb, 1964), and Liriodendron tulipifera (Taylor, 1968b). 
However, little systematic variation in density at 
different heights was observed in Populus japono-gigas 
(inokurna e t a l . , 1956) and in Li quid amber styracif lua
(Carpenter and Hopkins, 1966), and density increased with 
increasing height in Populus spp. (Götze, 1964) and in 
the lower half of the bole for E ,regnans (Dargavel, 1968).
14.2 Materials
This investigation of within tree variations in 
average fibre length and average wood density succeeded 
the study of within growth ring variations. Therefore 
the same nine trees were examined, viz. three trees from 
each of three sites, each sampled at breast height and 
at 10, 20, 30, 40 , 30, 70, and 90 per cent of total 
height.
At each height level in these nine trees average 
fibre length and average wood density were determined 
for the second and thereafter each fourth successive 
growth ring from the bark, viz. 2, 6, 10, l4 , 18 , 22,
26, 30, 3 4 , and 38 depending on the number of rings in
the disc. The methods used were described in Section 2 .
14.3 Results
14.3.1 FIBRE LENGTH
The variations in average fibre length of the nine 
trees with increasing age from the pith for each height 
level are illustrated in Fig. 8. Qualitatively, these
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Ring f rom Pi th
Fig. 8. Variations in average fibre length of nine 
trees with increasing age from pith for 
several height levels.
Different numbers of growth rings in 
corresponding discs of different trees 
account for the irregular co-ordinates.
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variations were similar for each tree. At all height 
levels, fibre length increased with increasing distance 
from the pith but the curves diverged indicating greater 
variation between height levels in the outer annual 
rings. Close to the pith, the differences in fibre 
length between heights were small.
Maximum fibre length occurred in the bole section 
between 30 and 40 per cent of total height. In this 
section the effect of height was small, but was greater 
in both the top and butt sections, particularly the 
latter. Consequently, the curves for radial variations 
in fibre length in the central bole section were more 
or less co-incident (Fig. 8).
Although the variations within each tree 
qualitatively followed the well established trends, 
quantitative differences between trees in the rates of 
increase at different height levels were observed. A 
multiple regression analysis was made for each tree, 
relating the estimate of fibre length (FL) to the
*  , Vproportional distance from pith (R) and proportional
* / \height above ground (H) of the sample.
Equation 2 was the most effective regression of the 
large number examined.
2 2FL = a.^H R +- a^HR + a^R + a^R + a^ (2)
2 2= a ^  + (a^ + a^H + a^H )R + a^R
*
The proportional radial distance was based on the 
radius at breast height and the proportional height 
was based on height of the tree when felled.
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This equation, a quadratic in H and R, expressed 
the curvilinear variation observed for fibre length with 
increasing distance from the pith at a given height 
level, and with increasing height above ground at a given 
radial distance from the pith. The regression 
coefficients and coefficient of determination for each 
of the nine trees are listed in Table 32. The 
coefficients of determination for different trees ranged 
between 83 and 93 per cent. To illustrate the variations 
in average fibre length throughout each tree, zones of 
equal average fibre length are shown in Fig. 9* The 
length class boundaries were determined by solving 
Equation 2 for given values of H and FL.
Three features of these graphs are notable:
(1) the effect of height on fibre length in the 
bole section below 30 per cent of total height 
differs considerably between trees, the most 
extreme example being tree ER 4 from 
Powelltown, in which height has little effect 
on fibre length at given distances from the 
pith;
(2 ) within stand variation is considerable for 
each of the three sites, and between site 
differences would be insignificant;
(3 ) since trees from Toolangi are ten years older, 
fibre length increases more slowly with 
distance from pith than in trees from either 
Erica or Powelltown.
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Table 32. Multiple regression coefficients and
coefficients of determination for fibre 
length variations with height and diameter 
in trees of E .regnans.
Tree
No.
Regression Coefficients Coefficient 
of Deter­
minationa i a2 a 3 a4 a 5
ER 1 -2.2002 1 . 9 2 9 3 -0.3693 0 . 4 5 5 6 0.8279 0 . 8 5
ER 2 -1 . 3 4 8 7 1 . 3 4 4 2 -O.35I9 0.5 3 4 4 0.8689 0 . 8 3
ER 3 -2.0605 1.6323 -O.3658 0 . 4 4 7 3 0.9190 0.86
ER 4 -O.3372 0.2880 -0.6890 1.0308 0 . 7 4 8 8 O.89
ER 5 -0 . 3 3 7 2 0.9472 -O.37O5 0.6067 0 . 8 1 0 8 O.89
ER 6 -I.I30I 1.2612 -O.26OI 0.4132 0.9009 0 . 9 3
ER 7 -0.4o44 0 . 7 1 3 6 -O.2996 0 . 5 3 3 5 0 . 8 7 4 5 O.89
ER 8 -1.3763 1 .75^5 -O.I3I3 0.2289 0 . 9 1 7 5 0.91
ER 9 -0.7000 1.0269 -0 . 1 2 4 7 0 . 3 5 8 8 0 . 8 9 7 4 0.91
Note: 1. Multiple regressions take the form
2 2FL = a H R + a _HR + a R + a.i R + a_,1 2 J 4 3
where:
FL = fibre length (mm) at a general point.
H = height above ground of the general
point as a proportion of final height.
R = distance from pith of the general
point as a proportion of final radius 
at breast height.
PR
O
PO
R
TI
O
N
 
O
F 
TO
TA
L 
H
EI
G
H
T
175
Fig. 9* Zones of equal average fibre length in 
regrowth trees.
Fibre length classes are <0.9» 0.9-1*0, 
1.0-1.1, 1.1-1.2, 1.2-1.3» and >1.3 mm.
PROPORTION OF BREAST HEIGHT RADIUS
9(a). Trees ER 1-3» Erica - 3^ years old.
contd.
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0 0.4 0.8 1.2 0 0.4 0.8 1.2 0 0.4 0.8 1.2
PROPORTION OF BREAST -  HEIGHT RADIUS
9(b). Trees ER 4 - 6 , Powelltown - 34 years old.
contd.
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PROPORTION OF BREAST -  HEIGHT RADIUS
9(c). Trees ER 7-9, Toolangi - 44 years old.
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14.3.2 WOOD DENSITY
The qualitative wood density variations in different 
trees were more variable than the corresponding fibre 
length variations. Nevertheless, the density variations 
within each tree were organized, so the pattern of these 
variations was compiled by graphically smoothing the 
radial variations at each height level and then 
interpolating density class boundaries between the 
respective height levels. These qualitative variations 
in average density are illustrated in Fig. 10; more 
intensive shading indicates greater wood density.
The radial variations were fairly consistent in all 
trees, throughout most of the heartwood wood density 
generally increasing with increasing distance from the 
pith. Frequently, however, density was large in the 
first one or two growth rings from the pith and decreased 
to a minimum value, though this change was of little 
practical importance because of the small wood volume 
involved. The sapwood was usually slightly less dense 
than the outer heartwood.
Although wood density varied rather irregularly with 
height in different trees, more dense regions generally 
occurred near the top of the clear bole, since at similar 
distance from pith, wood in the butt zone was less dense 
than that at higher levels. The graph of average density 
against height for certain trees (Fig. ll) illustrates 
the irregularities between trees.
The qualitative wood density variations in tree ER 4 
differed from those for the other trees, wood at breast 
height being more dense than in the upper part of the 
clear bole.
179
Legend f o r  F ig .  10.
Shading
n ten s i ty
Wood Density 
( g . / c c . )
0.40-0.45
0.45-0.50
0.50-0.55
0.55-0.60
0.60-0.65
0.65-0.70
0.70-0.75
0.75-0.80
c o n td .
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Fig. 10. Zones of equal average wood density m  
r e gr ow t h. trees.
PROPORTION OF BREAST -  HEIGHT RADIUS
10(a). Trees ER 1-3, Erica - 3^ years old.
contd.
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PROPORTION OF BREAST -  HEIGHT RADIUS
10(b). Trees ER 4-6 , Powelltown - 34 years old.
contd.
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PROPORTION OF BREAST -  HEIGHT RADIUS
10(c). Trees ER 7-9, Toolangi - 44 years old.
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DENSITY g /c c .
Variation in average wood density with height 
in regrowth trees (Nos. ER 1, 3» ^ 5* and 8).
Each value is the weighted average for the 
particular disc.
Fig. 11.
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15. PHENOTYPIC VARIANCES WITHIN AND BETWEEN TREES
15.1 Literature
The foregoing literature on within tree variations 
demonstrated not only the importance of systematic 
variations in fibre length and wood density but also 
that qualitative patterns of variation differed in some 
species and occasionally in different investigations of 
the same species. In this respect, fibre length was 
more regular than wood density, the qualitative 
variations first observed by Sanio (1872) applying 
almost without exception to all gymnosperms and 
angiosperms examined. Spurr and Hyvärinen (195^)» 
Richardson (1961), and Balodis (1966) each emphasized 
that to avoid confounded positional effects, comparisons 
of wood properties in different trees had to be based on 
samples at similar age from the pith.
Estimates of average fibre length and average wood 
density of the whole tree are essential to a. programme 
of tree selection involving wood properties and may be 
derived in different ways.
To calculate whole tree average fibre length 
Scaramuzzi (i960) used one combined sample per tree, 
comprising wedge-shaped samples from different height 
levels. However, the more usual approach was to average 
the estimates made for samples from different positions 
throughout the bole. Either arithmetic averages or 
weighted averages were calculated, the latter procedure 
giving proportionally greater weight to observations 
made at greater distances from the pith.
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Bias of the arithmetic average has been discussed 
many years ago by Stokes (l9 2 l), but with an objective 
to rank trees in order of increasing average values, 
bias is considered to be of little importance provided 
all trees are equally affected.
The estimate of either cell length or wood density 
in a sample from breast height was found to be 
representative of the average value for the whole tree 
in several investigations, mainly for softwood species 
(Zobel, I96O; Conway and Minor, I96I; Einspahr et a l ., 
1 9 6 2 ; Sekiya, 1 9 6 4 ; Nylinder, 1965; Harris, 1965b; 
Ericson, 1966; Maeglin, 1966; Baker, 1 9 6 7 ; Baker and 
Schottafer, 1968), but also for certain hardwoods, viz.
Populus tremuloides (Einspahr et a l . , 1963; Van
Buijtenen, i960) and Liquidamber styraciflua (Webb,
1 9 6 4 ). Götze (1962) analysed the published wood density 
results of some earlier German investigators and found 
significant relationships between breast height and 
whole tree values for Betula and Populus. However, 
fibre length variations in Eucalyptus grand is led 
Ranatunga (1 9 6 4 ) to suggest that for selection of plus 
trees, sampling should be at a minimum age of 9 years 
and at a position higher than 10 per cent of stem height.
Because breast height was generally found to be a 
representative sampling position, investigators examined 
neither the differences in representativeness of samples 
at different height levels, nor the changes in 
representativeness of samples at a particular height 
level as tree age increased.
1
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15■2 Me thod s
To determine the phenotypic variances for fibre 
length and wood density, average values were calculated 
for each disc sampled and for each tree as a whole. 
These calculations were made in different ways:
15.2,1 ARITHMETIC AVERAGES
Arithmetic averages were calculated in the usual 
way for both fibre length and wood density. The 
notation used was: ADFL - arithmetic disc fibre length
ADD - arithmetic disc density
ATFL - arithmetic tree fibre length
ATD - arithmetic tree density
15.2.2 WEIGHTED AVERAGES
Weighted averages were calculated for both fibre 
length and wood density using the following formulae:
Weighted Disc V alue:
WDX j i=l (X ij X A i j ^ i  = l A ij
where X represents either fibre length (FL) or 
wood density (d )
m = number of observations per disc
ij annular area represented by a 
general observation X ij
Weighted Tree Value: 
WTX
n n
£ (WDX . x V .)/ £ V . J=1 J J J=1 J
where: n = number of heights
V. = volume of the j-th bolt. J
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The model used is illustrated in Fig. 12. Each
observation X was assumed representative of the
annular area A. . whose boundaries were the midpoints i J
between successive pairs of observations. Each weighted
disc value was assumed representative of the bolt volume
V\ whose boundaries were the midpoints between successive
pairs of discs. The model encompassed the bole volume
*between ground level and 80 per cent of final height.
15.2,3 INTEGRATED AVERAGES
Derivation of the formulae for integrated disc and 
whole tree fibre lengths involved integrating Equation 2 
(Appendix G ) . These estimates were therefore weighted 
averages based on the predicted length variations rather 
than on the observed variations.
Integrated Disc Fibre Length:
IDFL = 2 ( c - H p  (a H 2 + a„H + a, ) + (c_H)a3 + a„
3b 2b2 5
v, (3)where:
c = total tree height at given age as a 
proportion of final height.
b = a measure of tree taper at the given age.
aT ,a2 ’a3 ’ = multiple regression coefficients for
a ^ , & a. ^ the particular tree.
H = disc height as a proportion of final 
height.
*
Final height refers to the height of the tree when 
felled. This term is introduced to simplify description 
because of the differences in tree age.
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Sect ional  Area Bolt no.
Annulus no.
Ring num30 I 26 I 22 J 18 114110J 6 1 2 
' " - L  /  I ! ' f rom ba
Fig. 12. Model on which the estimates of weighted disc 
and whole tree values are based.
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Integrated Tree Fibre Length:
ITFL = [0.0677 a c5^2 + 0.1533 a2c3//2 (4)
+ 0.5333 a^c* 1^2]/b + 0.3333 a^c/b2 +
Standard Errors of IDFL and ITFL
Since both IDFL and ITFL are linear functions of 
the multiple regression coefficients (a^, a^5 a^, a^, a )
their standard errors may be calculated using the 
variance-covariance matrix of the regression coefficients 
for the particular tree.
The variance of the integrated disc (or tree) value
is:
Var(lDFL) 5 5
or = E E k.k. covar (a.a.) 
ITFL i=l j=l 1 J 1 J
where IDFL 
or
ITFL E k a i = l 1
So the standard error of the estimate is:
1S.E.(lDFL) = [Var(lDFL);2 
or or
ITFL ITFL
15.2.4 CORRELATION ANALYSES
Correlations between the various estimates of 
average disc and average whole tree values were derived 
in order to evaluate the representativeness of samples 
from different positions in the bole. These correlations 
were calculated not only for discs at different heights 
but also for different tree ages.
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The arithmetic and weighted averages were 
calculated for three successively smaller size classes 
simply by disregarding the data outside the second, 
sixth, and tenth annual rings from the bark; the four 
size classes were designated I, II, III, and IV 
respectively. Size class I represented the trees at 
their final ages (34 years for Erica and Powelltown, and 
44 years for Toolangi) and size class IV represented the 
trees when 12 years younger.
At younger age, the same absolute height levels 
represent greater proportions of tree height at that age 
than at the final age. For example, the disc at 10 per 
cent of final height at 34 years of age represents 
approx. 30 per cent of the estimated tree height at age 
10 years. However, to avoid confusion in the 
presentation of results the height levels are referred 
to as proportions of final height, irrespective of tree 
age.
The formulae for integrated disc and whole tree 
fibre lengths were suitable to derive estimates for 
trees at desired intermediate ages. Therefore the 
correlations between integrated disc and whole tree 
fibre lengths were determined for trees at 5» 10, 1 5 »
20, and 25 years of age. It is emphasized that the disc 
estimates (IDFL) are based on tree age and not on disc 
age. For example, 20 per cent of final height represents 
approx. 30 ft above ground which is greater than total 
height of a 5-yea^-old tree. Therefore for trees of 
this age, there will be no estimates of IDFL at and 
above 20 per cent of final height.
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15»3 Results
15.3.1 VARIANCE WITHIN CROSS-SECTION
Variations with age or distance from pith, as 
observed for other species, accounted for a substantial 
proportion of within tree variation both in fibre length 
and wood density. The coefficients of variation for 
fibre length and wood density at different height levels 
in each tree demonstrate the importance of these 
variations (Table 33 and 34 respectively).
At final age, the average coefficient of variation 
for fibre length within a cross-section in the lower 
half of the tree ranged from 7,2 per cent for ER 6 to 
10.2 per cent for ER 4. Moreover, because of the marked 
systematic changes in fibre length with distance from 
pith, the magnitude of the radial variations (Table 35) 
is more important than the coefficients of variation 
indicate. The increase in integrated tree fibre length 
from 5 to 10 years of age ranged from 3*2 per cent for 
ER 9 to 10.5 per cent for ER 4 and the increase from 5 
to 25 years of age ranged from 12.8 to 25.6 per cent.
At younger ages, the within cross-section variance is 
smaller, an important point in relation to a tree 
improvement programme.
Changes with age in integrated disc fibre length 
both at breast height and 20 per cent of final height, 
and the corresponding changes in integrated tree fibre 
length are shown for three trees in Fig. 13* These 
graphs illustrate important differences between trees in 
the rates of increase in average fibre length with age, 
which as discussed later, affect sample representativeness.
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Table 33. Magnitudes of fibre length variations at different height levels.
Tree
No.
H E I G H T L E V E L Mean
C.V.
(7.)BH 107, 207, 307. 407. 507.
ER 1 Mean (iran)^ 0.958 1.063 1.060 1.139 1.135 1.110
S.D. (mm) 0.073 0.071 o.ioo 0.088 0.139 0.110
C.V. (7.) 7.6 6.7 9.5 7.8 12.2 9.9 9.0
ER 2 Mean 1.030 1.089 1.123 1.148 1.136 1.109
S.D. 0.071 0.077 0.140 0.132 0.069 0.094
C.V. 6.9 7.1 12.5 11.5 6.0 8.5 8.8
ER 3 Mean 1.080 1.085 1.176 1.211 1.160 1.154
S.D. 0.049 0.060 0.097 0.109 0.104 0.127
C.V. 4.5 5.5 8.3 9.0 9.0 11.0 7.9
ER 4 Mean 1.117 1.079 1.078 1.136 1.065 1.026
S.D. 0.091 0.056 0.065 0.092 0.149 0.199
C.V. 8. 2 5.2 6.0 8. 1 14.0 19.4 10.2
ER 5 Mean 1.023 1.080 1.084 1.146 1.086 1.149
S.D. 0.088 0.110 0. 124 0.095 0.118 0.077
C.V. 8.6 10. 2 11.4 8.3 10.9 6.7 9.4
ER 6 Mean 1.065 1.110 1.120 1.192 1.141 1.120
S.D. 0.041 0.054 0.077 0.091 0.106 0.117
C.V. 3.9 4.8 6.9 7.6 9.3 10.5 7.2
ER 7 Mean 1.042 1.098 1.069 1.153 1.137 1.133
S. D. 0.093 0.117 0.096 0.114 0.085 0.071
C.V. 8.9 10.6 9.0 9.9 7.5 6.3 8.7
ER 8 Mean 1.040 1.060 1.160 1.187 1.188 1.185
S.D. 0.071 0.041 0.077 0.096 0.124 0.111
C.V. 6.9 3.9 8.4 8.1 10.5 9.4 7.9
ER 9 Mean 1.075 1.116 1.102 1.154 1.162 1.115
S. D. 0.067 0.069 0.107 0.126 0.120 0.083
C.V. 6.2 6.1 9.7 10.9 10.4 7.4 8.5
Notes: * S.D. - Standard deviation
C.V. - Coefficient of variation.
Table  34.  Magnitudes o f  wood d e n s i t y  v a r i a t i o n s  at  d i f f e r e n t  h e i g h t  l e v e l s
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Tree
No.
H E I G H ' r L E V E L Mean
C. V.
(%)BH 10% 20% 30% 40% 50%
ER 1 Mean ( g / c c ) 0 . 5 5 1 0 . 5 6 7 0 . 5 5 8 0 . 5 2 9 0 . 5 6 2 0 . 5 6 2
S.D. ( g / c c ) * 0 . 0 7 3 0 . 0 6 8 0 . 0 6 8 0 . 0 3 3 0 . 0 4 6 0 . 0 5 8
n < 1 3 . 2 1 2 . 0 1 2 . 2 6 . 2 8 . 2 1 0 . 3 1 0 . 4
ER 2 Mean 0 . 4 8 8 0 . 5 0 9 0 . 5 4 2 0 . 5 9 1 0 . 5 9 1 0 . 6 1 9
S.D. 0 . 0 3 5 0 . 0 2 5 0 . 0 3 4 0 . 0 2 8 0 . 0 3 8 0 . 0 2 4
C. V. 7 . 1 4 . 9 6 . 3 4 . 7 6 . 5 3 . 9 5 . 6
ER 3 Mean 0 . 6 3 1 0 . 6 1 9 0 . 6 3 3 0 . 6 8 8 0 . 7 2 8 0 . 6 9 0
S.D. 0 . 0 5 1 0 . 1 0 0 0 . 0 7 3 0 . 0 3 2 0 . 0 4 1 0 . 0 5 3
C. V. 8 . 1 1 6 . 2 1 1 . 6 4 . 6 5 . 6 7 . 7 9 . 0
ER 4 Mean 0 . 6 3 0 0 . 4 8 5 0 . 5 4 0 0 . 5 2 9 0 . 4 9 8 0 . 5 4 5
S.D. 0 . 0 1 9 0 . 0 1 6 0 . 0 3 5 0 . 0 1 8 0 . 0 4 3 0 . 0 3 2
C . V. 3 . 0 3 . 3 6 . 5 3 . 4 8 . 6 5 . 8 5 . 1
ER 5 Mean 0 . 4 7 9 0 . 5 7 1 0 . 5 4 1 0 . 5 8 2 0 . 6 2 1 0 . 5 6 6
S.D. 0 . 0 2 9 0 . 0 4 5 0 . 0 6 9 0 . 0 3 7 0 . 0 4 7 0 . 0 3 5
C. V. 6 . 1 7 . 8 1 2 . 7 6 . 3 7 . 6 6 . 1 7 . 8
ER 6 Mean 0 . 5 1 7 0 . 5 6 4 0 . 5 3 0 0 . 5 6 0 0 . 6 2 4 0 . 6 0 4
S.D. 0 . 0 6 4 0 . 0 4 2 0 . 0 7 3 0 . 0 5 3 0 . 0 6 6 0 . 0 5 2
C. V. 1 2 . 3 7 . 4 1 3 . 8 9 . 4 1 0 . 6 8 . 6 1 0 . 4
ER 7 Mean 0 . 5 2 5 0 . 4 8 6 0 . 5 3 5 0 . 5 0 7 0 . 5 1 2 0 . 5 8 4
S.D. 0 . 0 3 9 0 . 0 3 9 0 . 0 3 5 0 . 0 2 0 0 . 0 3 9 0 . 0 4 3
C. V. 7 . 4 7 . 9 6 . 6 4 . 0 7 . 7 7 . 3 6 . 8
ER 8 Mean 0 . 4 9 9 0 . 4 7 2 0 . 5 1 3 0 . 4 9 6 0 . 4 8 0 0 . 5 5 2
S.D. 0 . 0 5 7 0 . 0 4 2 0 . 0 5 9 0 . 0 3 9 0 . 0 5 4 0 . 0 4 5
C. V. 1 1 . 3 8 . 9 1 1 . 5 7 . 8 1 1 . 4 8 . 1 9 . 8
ER 9 Mean 0 . 4 9 4 0 . 5 0 6 0 . 5 4 6 0 . 5 3 0 0 .  5 8 0 0 . 5 8 4
S.D. 0 . 0 2 6 0 . 0 4 6 0 . 0 4 0 0 . 0 4 6 0 . 0 4 8 0 . 0 2 3
C. V. 5 . 2 9 . 1 7 . 4 8 . 7 8 . 2 3 . 9 7 . 1
Notes:  * S.D.  - Standard d e v i a t i o n
C.V. - C o e f f i c i e n t  o f  v a r i a t i o n .
194
Table 35 • Changes in integrated tree fibre length 
(ITFL) with age.
ITFL (mm)
Increase in ITFL { %)
Tree Age (years)
No.
5 10 15 20 25 3-10 yrs. 3-23 yrs.
ER 1 0.89 0.94 0.99 1.03 1.06 3.6 19.1
ER 2 0.92 O .98 1.03 1.07 1.11 6.3 20.7
ER 3 O .98 1.03 1.07 1.10 1.13 5-1 15.3
ER 4 0.86 0.95 1.00 1 .05 1.08 10.3 23.6
ER 5 0.91 0.97 1.01 1.05 1.09 6.6 19.8
ER 6 0.98 1.02 1.06 1.08 1.12 4.1 14.3
ER 7 0.93 0.97 1.00 1.03 1.06 4.3 14.0
ER 8 0.97 1.01 1.05 1.08 1.11 4.1 14.4
ER 9 0.94 0.97 1.00 1.03 1.06 3.2 12.8
Note: 1. Estimates of ITFL are based upon the multiple
regressions relating fibre length, height, and 
distance from the pith.
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Fig. 13» Variations in integrated disc (iDFL) and 
whole tree (iTFL) fibre length with age 
in three trees (ER 1, 3» and 4).
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N.B. Confidence bands are three standard deviations
wide to indicate significant differences between 
means at the 2.5^ level.
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At final age, average coefficients of variation for 
wood density within cross-sections in the lower half of 
the tree ranged from 5*1 per cent for ER 4 to 10.4 per 
cent for ER 6 (Table 34). These variances were of 
similar magnitude to those for fibre length and likewise, 
both the within cross-section variance and the 
whole-tree average density would be smaller at younger 
ages .
15.3.2 VARIANCE BETWEEN HEIGHTS
15.3.2.1 Fibre Length
The integrated disc fibre lengths at breast height 
and at 10, 20, 30 , 40, and 50 per cent of final height
in each tree at age 25 years are presented in Table 38 .
At this age, coefficients of variation for 
integrated disc fibre length in the lower half of the 
bole ranged between 0.9 per cent and 4.7 per cent for 
different trees. Thus the variation in fibre length 
between heights differed considerably in different 
trees, but even in trees with extreme variation between 
heights, the variations with distance from the pith were 
greater and therefore more important.
15.3.2.2 Wood Density
For trees at final age, the weighted disc densities 
at breast height, and at 10, 20, 3 0 , 40, and 50 per cent
of final height are presented in Table 37*
Except for ER 1, coefficients of variation for 
weighted disc density in the lower half of the bole 
ranged between 5*7 and 9.3 per cent for different trees.
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That is, the variance in wood density between heights 
was similar to that within a cross-section.
1 5 .3»3 VARIANCE BETWEEN TREES
The coefficient of variation for integrated tree 
fibre length at age 25 years was 2.8 per cent (Table 36) 
and for weighted tree density at final age, 8.9 per cent 
(Table 37)» Thus, for this sample of nine trees, the 
variance between trees relative to that within trees was 
considerably greater for wood density than for fibre 
length.
The range between extreme trees, as a percentage of 
the mean of all trees, was 6.4 per cent for fibre length 
and 30.0 per cent for wood density. With a larger 
number of trees the extreme variation is likely to be 
greater, and should enable a selection differential 
suitable to obtain a useful genetic improvement.
15.3.^ CORRELATIONS BETWEEN DISC AND WHOLE TREE AVERAGES 
I5.3.4.I Fibre Length
Arithmetic, weighted, and integrated tree fibre 
lengths for each tree at its final age are given in 
Table 38, and the correlations between disc and whole 
tree average values in Table 39»
Correlations between the three estimates of average 
tree fibre length were generally large; ATFL was very 
highly significantly correlated with both WTFL (0.93) 
and ITFL (O.90) though the correlation between the latter 
two was smaller (0.79)»
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Table 38* Alternative estimates of average whole 
tree fibre length at final age^ -.
Tree 
No .
Whole Tree Fibre Length^
ATFL
(mm)
WTFL 
( mm)
ITFL 
( mm)
ER 1 1.05 1.08 1.10
ER 2 1.09 1.12 1.15
ER 3 1.12 1.14 1.15
ER 4 1.07 1.10 1 .09
ER 5 1.08 1.10 1.13
ER 6 1.12 1.13 1.15
ER 7 1.08 1.13 1.14
ER 8 1.12 1.13 1.17
ER 9 1.11 1.13 1.16
Notes: 1. Age of trees when felled.
2 . ATFL: Arithmetic tree fibre length
WTFL: Weighted tree fibre length
ITFL: Integrated tree fibre length.
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Table 39- Correlations between disc and whole tree 
fibre lengths Tor size class 1 .^
Height
Level
Disc
Estimate
Whole 2Tree Estimate
ATFL WTFL ITFL
Breast ADFL 0.41 0.53 0.12
H e i gh t WDFL 0*35 0.55 0.13
10# of ADFL 0*38 0.54 0.34
Final Ht WDFL 0.22 0.46 0.22
20# of ADFL 0.81 ** 0.71 * 0 .6 8 *
Final Ht WDFL 0.63 0.63 0.63
30# of ADFL 0.82 ** O .76 * O .56
Final Ht WDFL 0.83 ** O .93 *** 0.67 *
40# of ADFL 0.71 * 0.57 0.75 *
Final Ht WDFL 0.55 0.45 0.48
50# of ADFL 0 .6 8 * 0.50 O .76 *
Final Ht WDFL 0.80 * 0 . 6 9 * 0.65
ATFL 1.00 O .93 *** 0.90 ***
WTFL 1.00 0.79 *
ITFL 1.00
Notes: 1. See Section 15*2.4 for details.
2 * ADFL: Arithmetic disc fibre length
WDFL: Weighted disc fibre length
ATFL: Arithmetic tree fibre length
WTFL: Weighted tree fibre length
ITFL: Integrated tree fibre length.
3* Significance levels: 5$ (*); 1# (**); 0.1# (***
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Correlations relating the estimates of whole tree 
fibre length with ADFL and WDFL both at breast height 
and 10 per cent of final height were not significant; 
these correlations ranged between 0.12 and 0.55*
However, at 20 per cent of final height correlations 
between ADFL and whole tree averages were significant 
(0.68-0.8l) and at 30 per cent of final height all 
correlations except those between ADFL and ITFL were 
significant. Above 30 per cent of final height the 
correlations between the disc and whole tree values 
decreased. It is noteworthy that the correlations 
between average disc values and integrated tree fibre 
length were generally less than those with either 
arithmetic or weighted tree fibre length.
For trees older than 30 years of age, samples above 
20 per cent of final height were most representative of 
the whole tree and estimates for samples below this 
height were unsatisfactory for predicting whole tree 
fibre length.
The effects of differences in tree size on the 
correlations between both arithmetic and weighted 
averages are shown in Table 40. Data for breast height 
and 30 per cent of final height are sufficient to 
illustrate changes that occur.
Except for the correlations between WDFL and ATFL, 
the breast height disc fibre lengths for size class IV 
were significantly correlated with whole tree fibre 
lengths for each of the four size classes. However, 
the breast height disc fibre lengths for size classes 
I, II, and III were insignificantly correlated with the
2 0 5
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corresponding whole tree fibre lengths. Thus, the 
correlations between breast height disc fibre lengths 
and whole tree fibre lengths were smaller for trees of 
greater age.
In contrast, the correlations between both 
arithmetic and weighted disc fibre lengths at 30 per 
cent of final height and whole tree fibre lengths 
increased with increasing age.
Correlations between the integrated disc and whole
tree fibre lengths for tree ages 5» 10, 15, 20, and 25
years (Table 4l) substantiate the results based on
arithmetic and weighted averages. Since the changes
are smooth, percentage coefficients of determination 
2(r ) are presented rather than correlation coefficients.
Integrated disc fibre length at breast height
accounted for 99 per cent of the variation in integrated
2tree fibre length at 5 years of age but r decreased as
age increased and at age 25 years IDFL at breast height
accounted for only 18 per cent of the variation in ITFL.
2The changes in r at 10 per cent of final height, though 
smaller, were analogous to those at breast height, 
decreasing from 99 per cent at age 5 years to 51 per cent 
at age 25 years.
Although IDFL at breast height only accounted for 
18 per cent of the variation in ITFL at age 25 years,
IDFL at 5 years still accounted for 48 per cent and, 
even more important, IDFL at 10 years accounted for 66 
per cent of the variation in ITFL at age 25 years.
At 20 and 30 per cent of final height, percentage 
coefficients of determination between integrated disc and
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Table 41. Relationships between integrated disc and tree fibre 
lengths for trees at different ages,
Disc
Height
Tree
A 2 Age
( v r  s )
Integrated Tree Fibre Length
Tree Age (years)
5 10 15 20 25
5 99 92 74 59 48
Breast 10 82 82 75 66
Height 15 49 52 49
20 27 26
25 18
5 99 91 73 58 48
1 0 7 o  of 10 97 94 84 74
Final 15 84 86 79
4-160 Height 20 66 63
C<0 25 51
CU
C i 20% of 10 94 91 79 6946•H Final 15 98 96 87Height 20 96 89
OM 25 93
Q
"d 30% of 10 94 83 73 63
<0
4-1 Final 15 93 88 80
d
S-i60 Height 20 91 86
<v 25 89
C1—l 407o of 15 87 81 75
Final 20 85 82
Height 25 86
507, of 15 79 74 72
Final 20 80 80
Height 25 82
Notes: 1. Values presented are percentage coefficients of
determination.
2 See Section 15.2.4 for details
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whole tree fibre lengths were consistently large, 
irrespective of tree age.
15»3»4.2 Wood Density
Arithmetic and weighted tree densities for each 
tree are given in Table 42. The corresponding estimates 
were very similar, indicating systematic density 
variations were such that the weighting procedure to 
calculate average density was of no practical 
consequence for these trees.
Correlations between both arithmetic and weighted 
disc and whole tree densities at final age are presented 
in Table 43* Those between disc densities at breast 
height and whole tree densities were not significant 
although fairly large (0.60-0.64), but the corresponding 
correlations for disc values at 10, 20, 30, 40, and 50
per cent of final height were all highly significant.
Since the correlations for arithmetic and weighted 
average densities are almost identical, only those for 
weighted densities are presented to demonstrate the 
effect of age (Table 44).
Contrary to the trends established for fibre 
length, the correlations between breast height disc 
density and whole tree density changed very little with 
increasing age, and thus WDD at breast height was 
insignificantly correlated with WTD for each of the 
four size classes. At height levels between 10 and 50 
per cent of final height, correlations between disc and 
whole tree densities also changed very little with age, 
but were always highly significant.
Table 42. Alternative estimates of average whole tree wood 
density at final age^.
Tree
No.
Whole Tree 2Density
ATD 
(g/cc)
WTD 
(g/cc)
ER 1 0.36 0.56
ER 2 0. 55 0.55
ER 3 0.65 0. 67
ER 4 0.54 0.54
ER 5 0. 56 0.57
ER 6 0.57 0.57
ER 7 0.53 0.53
ER 8 0.50 0.50
ER 9 0. 54 0.54
Notes: 1. Age of trees when felled.
2. ATD: Arithmetic tree density
WTD: Weighted tree density.
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Table 43, Correlations between disc and whole tree densities 
for size class 1^ -.
Height
Level
2Disc
Estimate
Whole Tree 2Estimate
ATD WTD
Breast ADD 0. 60 0. 60
Height WDD 0.64 0,64
10% of ADD 0,87 ** 0.85 **
Final Ht WDD 0.91 *** 0.90 **
20% of ADD 0.93 *** 0.94 ***
Final Ht WDD 0.96 *** 0.96 ***
30% of ADD 0.93 *** 0.93 ***
Final Ht WDD 0 . 94 *** 0.94 ***
40% of ADD 0.92 *** 0 go
Final Ht WDD 0.92 *** 0.91 ***
50% of ADD 0.84 ** 0.86 **
Final Ht WDD 0.83 ** 0.85 **
Notes: 1. See Section 15.2.4 for details.
2 . ADD: Arithmetic disc density
WDD: Weighted disc density
ATD: Arithmetic tree density
WTD: Weighted tree density.
3. Significance levels: 5% (*); 1% (**); 0.1%(***).
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Table 44. Correlations relating weighted disc densities and
weighted tree densities for different size classes.
Height
Level
Size
Class
Weighted Tree Density
Size Class’^
I II III IV
I 0,64
Breast II 0.66 0.65
Height III 0.64 0.62 0.63
IV 0. 59 0.57 0.58 0.65
u
•r-i 10% of I 0.90 **
c<D Final II 0.91 *** 0.91 ***Q Height III 0,92 *** 0.92 “«“ 0,91 ***
IV 0 94 *** 0.93 *** 0.92 *** 0.91 ***
20% of I 0.96 ***
Final II 0,94 *** 0.95 ***
Height III 0,92 *** 0.93 *** 0,95 ***ocn IV 0.80 * 0.81 ** 0.84 ** 0,86 **
Q 30% of I 0.94 ***
Final II 0 92 *** 0.93 ***
Height III 0.91 *** 0.92 *** 0.93 ***
IV 0.92 *** 0.93 *** 0.94 *** 0.94 ***
40% of I 0.91 ***a)■U Final II O 92 *** 0.93 ***
X
Ü 0
•r-l
Height III 0.93 *** 0.93 * * * 0.91 ***aj
i s IV 0.91 * * * 0.91 * * * 0.90 ** 0,86 **
50% of I 0.85 **
Final II 0.88 * * 0,91 * * *
Height III 0.85 * * 0.88 ** 0.88 **
IV 0.80 * 0,83 ** 0.82 * * 0,74 *
Weighted
Tree I 1.00 0.99 * * * 0.99 * * * 0.98 ***Density
Notes: 1. See Section 15.2.4 for details.
2. Significance levels: 5% (*); 1% (**); 0.1% (***).
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16. DISCUSSION
Qualitative fibre length variations were 
similar to those observed for most other species 
examined, i.e. in each tree and at each height 
level, fibre length was shortest near the pith and 
increased with increasing distance from the pith, 
the rate of increase being greater in the central 
bole section than at either extremity. However, 
quantitative differences in the patterns of fibre 
length variations for different trees greatly 
influenced the representativeness of samples in the 
lower half of the tree.
Qualitative wood density variations also were 
similar to the variations most commonly observed in 
other hardwood species, i.e. in the he axtwood,wood 
density increased with increasing distance from the 
pith, sometimes with a zone of high density wood 
adjacent to the pith. Wood density was generally 
less in the sapwood than in the outer heartwood. 
However, at given distances from the pith, wood 
density did not vary systematically with height in 
the manner observed for fibre length. In contrast 
to fibre length, which varied very little with 
height close to the pith, wood density of the 
corewood in the butt zone was less than at higher 
levels. The tendency for wood near the top of the 
clear bole to be more dense than in the butt region 
confirmed the observations for E.regnans by Dargavel
(1968).
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In this investigation wood densities were 
determined for unextracted wood samples and it was 
realized variations in extractive content confounded 
the variations in wood density. Polyphenols, which 
constitute the majority of eucalypt extractives, 
undergo further polymerization after deposition 
within the cell walls and hence are unable to 
diffuse readily during extraction. Thus, in studies 
of extractive content in eucalypts, the normal 
procedure to ensure reproducibility is to use either 
woodmeal or very thin shavings. Since the wood 
samples used in the present investigation were 7mm 
in depth, it was decided against extraction.
However, the extractive content of young regrowth 
E .regnans is small (Stewart, 1967), so variations 
in extractive content are considered to be of minor 
importance in relation to qualitative wood density 
vari ations.
The shape and crown development of individual 
trees may have an important effect on their fibre 
length and wood density variations. Eucalypts are 
different from trees in many other important forest 
genera in having naked rather than protected buds. 
This gives eucalypts great regenerative capacity but 
also renders their crowns very susceptible to damage 
by abrasion (Jacobs, 1953)* Therefore adjacent 
trees of similar size develop asymmetric crowns 
which interlock very little. Consequently, the 
centre of gravity of an eucalypt crown is frequently 
displaced from the vertical axis of the bole. 
Furthermore, the directions of crown displacement in
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different trees growing in an irregular forest vary, 
probably resulting in different sway responses to 
prevailing winds.
A second important characteristic of eucalypts 
is the distribution of foliage. The eucalypt crown 
resembles an umbrella with the majority of foliage 
borne at the crown surface on the outer two or three 
branch orders. The bifurcate branching habit 
(obtuse angle between the main branch and each 
sub-branch) ensures efficient transfer of food 
materials between the foliage and the trunk. 
Unfortunately, this weight distribution tends to 
increase the displacement of the centre of gravity 
in an asymmetric crown.
Apart from considerations of stress distribution 
caused by uneven branch development and weight 
distribution, asymmetric crown development results 
in unequal distribution of food materials and 
hormones around the stem. Tree ER 4 demonstrated 
the effects of unusual stem development on 
qualitative fibre length and wood density variations. 
The fibre length variations were extreme relative to 
the other trees since there was very little effect 
of height at a given distance from the pith. Also, 
the wood density variations differed from those for 
the other trees because wood in the butt was more 
dense than in the upper bole. A probable reason for 
these fibre length and wood density variations in 
tree ER 4 was the unusual radial growth in the lower
215
bole. Although the wood samples were all taken in 
the north cardinal direction, stem eccentricity 
differed at different heights, the radius from pith 
to bark being shorter at breast height (20.0 cm) 
than at either 10 per cent (23*5 cm) or 20 per cent 
(21.3 cm) of total height.
These extreme wood property variations resulted 
from the environment and pattern of growth peculiar 
to tree ER 4 but similar effects, though perhaps 
less extreme, undoubtedly affected other trees in 
the stand. From a distance trees in a stand of 
young regrowth E.regnans appear to be very straight, 
since the stems are slender, pale-coloured, and are 
free of branches to a considerable height. However, 
this impression is false and considerable variation 
occurs between trees because of sweeps and other 
defects.
Differences in the qualitative fibre length 
and wood density variations of different trees 
influenced the correlations between average disc 
and whole tree values. However, before discussing 
sample representativeness, sources of bias influencing 
average values and the correlations between them 
require comment.
Both average disc and whole tree values were 
calculated in different ways, enabling a more 
objective assessment of sample representativeness 
than one based on, for example, weighted averages 
alone. Arithmetic averages, weighted averages, and 
for fibre length also integrated averages were 
derived.
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For the same ring width, an observation close 
to the pith represents a smaller wood volume than 
an observation further out,-, so theoretically, 
arithmetic averages are biased. However, in 
practice, since trees only of similar diameter can 
validly be compared, average values for all trees 
are similarly biased. If the average values of 
trees considerably different in diameter are compared, 
the confounded effect of size on the within tree 
variations may greatly extend the range between the 
average values for extreme trees. This increases 
the correlation coefficients between sample and 
whole tree averages, but the effect is an artifact 
and does not necessarily indicate a close 
relationship between sample and whole tree averages 
for trees of similar size. Consequently, weighted 
averages are probably no more effective in ranking 
trees in terms of their average values than are 
arithmetic averages.
Because the trees sampled from Toolangi were 
ten years older and slightly larger in diameter than 
those from either Erica or Powelltown, care was 
taken to minimize bias in the correlations between 
average disc and whole tree values. This difference 
in age is more important at younger ages, hence the 
effect of age on the correlations was only examined 
for the outer 12 annual rings.
Both arithmetic and weighted whole tree 
averages may be biased because of the extremely 
small sample on which they are based. For example, 
if samples 3 cm in depth are taken at 10-percentage
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intervals of final height in a tree 30 m high the 
whole tree estimate is based on a sample of less 
than 1 per cent of the total wood volume. In the 
present examination the trees were about 30 m high 
and the samples were 7 mm in depth so the total 
sample was considerably less than 1 per cent of 
tree volume. Since in each tree there were fewer 
than 63 individual samples, any itinerant 
observations, or more importantly, biased disc 
estimates, would bias the average for the whole 
tree. Because such bias applies only to individual 
trees it may affect correlations between disc and 
whole tree values. This bias is likely to be 
greater for wood density than fibre length because 
of its greater variance between height levels.
The advantage of integrated average values is 
that effects of any biased or erroneous observations 
are minimized. The correlations between both 
weighted and arithmetic disc fibre lengths with 
integrated tree fibre length were generally smaller 
than those with either weighted or arithmetic tree 
fibre length and this may be attributable to 
smaller effects of individual observations on 
integrated tree fibre length.
The integration procedure is most useful when 
the trees examined have similar qualitative 
variations. It was particularly useful in the 
present investigation to overcome the confounded 
age effect on fibre length variations and thus 
allow comparison of different trees at young ages.
218
There were systematic changes in the 
correlations between average disc and average tree 
values both for fibre length and wood density.
At comparable tree age, correlations between 
average disc and average tree values for both 
properties were poorest at breast height and 
improved at higher levels being greatest in the 
bole section between 20 and 40 per cent of total 
height. The correlations at breast height were 
very small for fibre length but those for wood 
density, although not significant, were greater 
than 0 .6 . Results for fibre length and wood 
density in E.calophylla and E .deglupta (Rudman 
et a.1 . , 1969b) confirm the inadequacy of breast
height as a representative sampling position for 
large regrowth eucalypts.
At all height levels examined in the lower 
half of the bole, the correlations between average 
disc and average whole tree values were larger for 
wood density than for fibre length. These 
differences resulted from the greater range between 
extreme trees in wood density than in fibre length. 
This was a real effect and not simply a 
manifestation of an age effect because the largest 
diameter trees did not have the most dense wood.
The correlation between average wood density at 
breast height and average tree density was 
insignificant because certain trees had unusually 
dense or light wood at this position.
In addition to the effect of sampling height,
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the correlation between average disc fibre length 
at a given height level and average tree fibre 
length changed with tree age. At breast height the 
correlation was significant when the trees were less 
than 10 years old but became poorer after this age.
The same trend was observed at 10 per cent of final 
height, but at 20 and 30 per cent of final height, 
the correlations changed very little as tree age 
increased.
These effects of age and height on the size of 
the correlations between average disc and average 
tree fibre lengths were inter-related such that the 
maximum correlation occurred at a similar 
proportional height above ground, irrespective of 
tree age. For example, at 10 years of age, the 
coefficient of determination between integrated 
disc fibre length at 10 per cent of final height 
and integrated tree fibre length was 97 per cent, 
whereas at age 25 years it was only 51 per cent.
In fact, 10 per cent of final height represented 
approx. 30 per cent of total height for 10-year-old 
trees and therefore the maximum correlation occurred 
at a similar proportional position in the bole both 
at 10 and 25 years of age.
The irregular qualitative wood density 
variations in different trees precluded multiple 
regression analyses, so the changes with age in 
correlations between average disc and whole tree 
densities were based only on changes in the weighted 
and arithmetic averages for the outer 12 annual rings. 
These correlations varied little with age and those
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between breast height and whole tree densities 
remained insignificant. However, the correlations 
were generally greater than 0.6 and with an 
examination of a large number of young, even-aged 
trees, breast height is likely to be representative 
of the whole tree.
Although Ranatunga (1964) did not present 
correlations, presumably because the study was 
based on only four 34-year-old trees of Eucalyptus 
grandis, he concluded that for selection of plus 
trees, trees should be at least 9 years of age and 
sampled at not less than 10 per cent of total 
height.
The present data supports this conclusion, the 
most representative bole section in regrowth trees 
of E .regnans being the lower third, above the zone
of buttswell.
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PART E GENERAL DISCUSSION AND CONCLUSIONS
The past research into wood property variations 
was often confined to specific aspects such as 
within growth ring variations or variation with age 
at a single height level. However, comprehensive 
examinations of variations such as those for 
hardwood species by Webb (1964) and Taylor (1965) 
emphasize the need for simultaneous investigation 
of all facets. In this investigation for E .regnans 
the magnitudes of systematic variations in fibre 
length and wood density were examined and the 
extent to which these variations were influenced by 
genotypic and by environmental factors. The results 
provide a sound basis from which to assess the need 
for control of fibre length and wood density in 
E .regnans by future silvicultural and breeding
practices.
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17• ENVIRONMENT, FIBRE LENGTH, AND WOOD DENSITY
The effects on fibre length and wood density of 
the four major factors affecting growth (viz. light, 
temperature, moisture, and mineral nutrients) were 
examined either separately or in combination.
However, before discussing these effects, 
differences between the controlled environment and 
field conditions require consideration.
Under controlled environment conditions, except 
for the initial weeks of the experiment when all of 
the stem was elongating, seedling height increased 
almost linearly with time, i.e. the seedlings 
maintained a constant absolute rate of height growth. 
Nevertheless, during the final five weeks of the 
experiment, the absolute height growth rate in the 
overall optimum regime (24/l9°C) was slightly less 
than at 27/22°C. The plants grown at 24/l9°C were 
considerably larger in size than those in the other 
environments and since all plants were grown in 
identical-sized pots, the relative amount of 
available moisture was undoubtedly less at 24/l9°C•
Under field conditions, large seasonal 
variations in the rate and duration of diameter 
growth were observed. Since the average fibre length 
or wood density of a growth ring represents wood 
produced under a variety of growth conditions it 
would be unwise to compare such values with average 
values for the seedlings grown under controlled 
environment conditions. A more realistic approach
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would be to compare the average values for seedlings 
with the average values for wood produced during a 
short time interval under natural growth conditions. 
The uncontrolled environment conditions are then 
relatively uniform and hence the balance between 
the different factors is unchanged.
During the period of study the mean monthly 
temperature corresponding approximately to the 
optimum phytotron regime (24/l9°C) occurred only 
during the hottest months (February and March) when 
growth was greatly restricted by available moisture. 
Therefore, under these high temperature conditions, 
the relative amount of available moisture is a 
common feature both of controlled and natural 
environment s.
An important difference between a controlled 
environment and an uncontrolled environment subject 
to periodic fluctuations is the possibility of a 
time lag in the response of a wood property to a 
change in the environment. This was demonstrated 
for wood density after transferring Larix polonica 
seedlings from a continuous light regime to a short 
daylength regime (Wodzicki, 196la). Thin-walled, 
earlywood type tracheids were produced under 
continuous light but after transfer to short days, 
an increase in wall thickening commenced only after 
about three weeks. Return to continous light was 
accompanied by a decrease in wall thickening after 
a similar time lapse.
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17•1 Environmental Effects on Wood Density
For the seedlings grown under controlled 
temperature conditions basic density was less at 
higher temperatures and average wood density for 
different temperature regimes was inversely 
proportional to average diameter. However, this 
does not necessarily mean growth rate controls 
wood density since under these conditions other 
unmeasured responses may also be correlated. In 
particular, relative moisture availability at 
different temperatures probably varied in direct 
proportion to average wood density.
The study of seasonal variations in the rate
of diameter growth and wood density for regrowth
trees showed growth rate was insignificantly
2correlated with wood density (r*~ = 0.02). Rather, 
the wood density variations were correlated with 
variations in environmental factors. During the 
18-month experimental period, monthly rainfall 
accounted for 37 per cent of the seasonal 
variations in average wood density, but a linear 
expression comprising rainfalls for the current and 
two preceding months accounted for 82 per cent of 
the monthly density variations. Considering the 
buffering effects of soil storage this multiple 
linear expression was a measure of water 
availability during the cell developmental phase.
Variations in mean monthly temperature were 
less closely associated with variations in wood 
density during the experimental period than those
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of monthly rainfall. Mean monthly temperature 
accounted for 32 per cent of the variation in 
average wood density but temperatures for the 
preceding months were of little additional importance. 
However, the indirect influence of temperature on 
the amount of available moisture was obviously 
import ant.
Results from the thinning and fertilizer trials 
supported the notion of control of wood density by 
the combination of environmental factors rather than 
by radial growth rate. Although both thinning and 
fertilization stimulated an increase in average 
ring width and hence an increase in either or both 
rate of cambial activity and duration of cambial 
activity, they induced opposite responses in average 
wood density of the growth ring. Therefore it was 
not the increase in ring width which caused the 
change in average wood density but the seasonal 
environmental conditions under which diameter growth 
occurred.
Thinning and fertilization differ greatly in 
their effects on the balance between the basic 
environmental factors. Fertilization alleviates 
nutrient stress which stimulates some crown activity 
but has little effect on the light, temperature, and 
moisture regimes. If anything, the increase in 
crown development would intensify competition for 
the other factors. Thinning, however, alleviates 
stresses in the light, moisture, and nutrient 
regimes and also results in higher temperatures 
beneath the canopy because of the decrease in 
interception of solar radiation.
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Fertilization significantly increased diameter growth 
only when moisture and temperature were not limiting. 
During the wetter half of the year, average diameter 
growth of the fertilized trees was significantly greater 
than for the unfertilized trees of comparable size, but 
when subjected to high temperature and low rainfall 
conditions in summer, the plot stockings were such that 
the unfertilized trees grew faster. This change in the 
pattern of seasonal wood production favoured an increase 
in average density because wood produced during the 
winter period was shown to be more dense than that 
produced during mid-summer. However, fertilization 
resulted in a very highly significant decrease in 
average density which was apparently due to a decrease 
in maximum density for the growth ring.
The average densities of fertilized trees sampled 
after and before fertilization were O.56O and 0.5^5 g/cc 
respectively and the corresponding values for the 
unfertilized trees were O.565 and 0*525 g/cc. This gave 
a decrease in average wood density in response to 
fertilization of: | 0.5^5 x j - 0 .560
= 0.026 g/cc, or ca. 5$
= I.63 lb/cu.ft.
The effect of fertilization in terms of volume production 
was estimated using the stand volume formula presented 
for E .regnans by Webb (1965)*
V = 152.6 + 0.3172 (B x H)
where V = total volume under bark (cu.ft/ac)
B = basal area over bark (sq.ft/ac)
H = mean top height (ft)
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Average basal area on the six plots at the beginning of 
the experiment was 134 «8 sq. ft/ac. Increment on the 
fertilized plots during the 18-month period was 7*0 
per cent of initial basal area and on the unfertilized 
plots, 5*6 per cent. Assuming a mean top height of 
100 ft, the increase in merchantable wood volume in 
response to fertilization was:
0.3172 x 134.8 (107.0 - 105.6)
= 59*9 cu.ft/ac/l8 months.
Thus for wood with average density 35 lb/cu.ft, the 
approximate increase in wood production in response to 
fertilization was 1 ton/ac/l8 months.
Although this increase in weight yield is small, it 
should not be considered representative of the E.regnans 
forest type. First, the area was poorly stocked, the 
total basal area of the six plots being about 40 per 
cent less than the figure given by Webb (op.cit.) for 
well stocked stands of comparable age and site index.
The absolute volume and weight increment on 
understocked plots would be considerably less than at 
full stocking. Secondly, 1967 was an unusually dry 
year, there being no autumn growth flush. Since 
fertilization had greatest effect when moisture was not 
limiting, its effect on growth in 1967 was probably less 
than in a normal year.
It is noteworthy that fertilization has greatest 
effect on the intermediate-sized trees of the stand 
rather than on the dominants and therefore further 
research into the usefulness of fertilization as a 
management practice for E .regnans regrowth forest may be 
worthwhile.
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Contrary to the effect of fertilization, thinning 
favours a balanced increase in cambial activity and 
crown and root system development. Moreover, it usually 
results in an extended and more continuous growing 
season than under unthinned conditions. Some trees in 
the present trial did not respond to thinning, their 
average ring widths for the four years after treatment 
being less than for the preceding four years. Thus, 
the results suggest the effect of thinning on basal 
area increment was less than optimal.
As for diameter growth, the response in wood 
density to thinning differed in different trees.
However, the relative changes in wood density were not 
correlated with the relative changes in ring width, 
Therefore the response in wood density to thinning not 
only depends upon the response in diameter, but also on 
the tree’s environment before and after, and on its 
condition (e.g. crown vigour) at the time of thinning.
The responses in wood density to changes in 
environmental factors support the hypothesis that, 
within a species, changes in wood density result from 
changes in net assimilation. This argument was invoked 
by Van Buijtenen (1958) and by Richardson and Dinwoodie 
(i960) to explain the differences in wood density of 
conifer seedlings grown at different temperatures.
Also, Zahner (1963), in a discussion of internal moisture 
stress in relation to wood formation in conifers, argued
in favour of assimilatory control of wood density«
variations within the growth ring. Late in the growing 
season, if mild moisture deficits permit photosynthesis 
to proceed at a moderate rate, yet restrict cambial
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activity, typical latewood wall thickening will probably 
o c c u r .
While the seedlings grown in the phytotron were 
less than 15 weeks old, average basic density was 
greater at 24/l9°C than at 18/13°C. At this age their 
stems were less than 5 mm dia. and the plants were 
small in relation to the pot size. Growth was more 
vigorous at the higher temperature and since no 
environmental factors were limiting, the net 
assimilation relative to plant size may have also been 
greater, resulting in more dense wood. However, at 28 
weeks of age, although cambial activity at 24/l9°C was 
not greatly retarded by the decrease in available 
moisture, the net assimilation relative to plant size 
was probably less, resulting in less dense wood than at 
lower temperatures.
The influence of water availability on net 
assimilation of seedlings grown at 24/l9°C seems to 
contradict Zahner’s conclusion cited above, but this may 
be explained by the very different temperature conditions. 
Under climatic conditions favouring latewood formation, 
average temperatures are such that respiration, relative 
to photosynthesis, is probably less than under the high 
temperature phytotron conditions. Hence, even though 
moisture stress may restrict cell expansion during 
autumn, net assimilation is sufficiently large to permit 
the formation of thick cell walls.
Under field conditions, accumulation of food 
reserves occurs when photosynthesis is greatest relative 
to respiration and assimilation. Deciduous species
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accumulate carbohydrates during summer, but evergreen 
species accumulate them during winter, presumably 
because of the reduced respiration and less active 
cambium (Kramer and Kozlowski, i960). Reserve foods 
serve to buffer changes in assimilation from changes 
in current photosynthesis and therefore the accumulation 
or depletion of reserves gives some indication of the 
directional changes in assimilation. While reserves 
are accumulated, assimilation may also be large.
However, as reserves are depleted the net assimilation 
must either remain unchanged or decrease, the changes 
being complicated by current photosynthesis.
In eucalypts, the majority of reserve foods are 
in the form of starch. The observed seasonal variations 
in wood density parallelled the seasonal variations in 
starch content observed by Cremer (1965) for several 
eucalypt species in Tasmania, including E •regnans♦ An 
increase in the abundance of starch was observed during 
the quiescent season from March to October and starch 
reserves were minimal at the end of summer, which 
corresponded to the point of minimum wood density 
observed in the present investigation.
17«2 Environmental Effects on Fibre Length
Under the controlled temperature conditions and 
irrespective of the age at which the seedlings were 
examined, average fibre length and average growth rate 
for different regimes were closely related. Moreover, 
in past investigations of controlled light intensity, 
photoperiod, and temperature effects on cell length 
(Richardson and Dinwoodie, i960, 1964; Dinwoodie and
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Richardson, 1961; Rudman, 1969)» average cell length 
and average growth rate lor different environments were 
always positively correlated. Wardrop (1965) suggested 
a possible factor limiting cell extension was the onset 
of lignification, causing immobilization of the matrix 
components of the cell walls. This notion was supported 
by the observation of higher Klason lignin contents in 
E .camaldulensis at the lower of two controlled 
temperature regimes (Rudman, 1969) •
In contrast to the apparent effect of growth rate 
in controlled environments, under field conditions, cell 
length in most species examined was shortest in the 
earlywood when the environment was most favourable for 
growth, and subsequently increased in the latewood. The 
approximate pattern of seasonal variations in fibre 
length of E .regnans was determined by comparing the 
matched within ring wood density and radial growth rate 
variations with the matched wood density and fibre length 
variations from the study of systematic variations. 
Because the periodic variations in fibre length were 
slightly ahead in phase of those in wood density, fibre 
length apparently decreased during the spring and summer 
months to a minimum value at about the time of minimum 
growth rate and was greater in the wood produced during 
the autumn growth period. This pattern corresponded in 
principle with that reported for E .regnans by Bisset 
and Dadswell (1949).
Bannan (1968) states that in slow to moderately 
growing conifers, surviving anticlinal divisions are 
mainly confined to the later part of the growing season, 
although in vigorously growing trees this pattern is
232
less definite. The decrease in fusiform initial length, 
because of the greater number of anticlinal divisions, 
results in the characteristic decrease in cell length 
immediately after the resurgence of growth in spring.
In hardwood species the relative amount of cell 
extension is much greater than in softwood species but 
systematic changes in fusiform initial length may also 
be important. The seasonal variations in fibre length 
of E.delegatensis observed by Amos et.al. (l950) support
this hypothesis.
The responses in fibre length to thinning and 
fertilization also suggest the importance of direct 
environmental effects on cell length resulting from 
changes in either or both the type of cell division and 
the amount of cell extension. Investigations of 
seasonal variations in fusiform initial length and cell 
extension in hardwood species are required in order to 
resolve these factors.
Investigations of changes in fusiform initial 
length and cell extension could also be undertaken 
using controlled environment facilities. In the past, 
emphasis has generally been on the effect of specific 
controlled environments on cell length and not on the 
effect caused by transferring plants from one 
environment to another. However, to approximate the 
conditions in the natural environment, it is necessary 
to subject plants to changing environmental conditions. 
For example, plants could be exposed for some time to 
conditions which favour dormancy (short days and low 
temperature), and subsequently transferred to an 
environment promoting rapid growth. Experiments of
233
this type will enable a better understanding of the 
factors affecting cell length in hardwoods.
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18. INHERITANCE OF FIBRE LENGTH AND WOOD DENSITY
From the examination of fibre length and basic 
density in young, open-pollinated seedlings from 39 
parent trees, the following conclusions are drawn:
(1) there is significant variation in fibre 
length and wood density between families 
of E .regnans and the narrow sense 
heritability estimates are sufficiently 
large and consistent to indicate the 
potential for moderate genetic gains by 
a programme of tree selection and 
breeding;
(2) the effectiveness of phenotypic selection 
may be considerably reduced by effects of 
environment and genotype x environment 
interactions if the same genotypes are used 
over a wide range of environment;
(3) at the seedling stage, genotypic correlations 
between size and wood properties are small 
and therefore independent selection for 
these characters may be possible.
The analyses of variance are sufficient to 
demonstrate the differences in average progeny fibre 
length and basic density between families, and the 
significant genotype x environment interactions, so to 
calculate heritabilities may seem unnecessary. However, 
the heritability estimate summarizes the analysis of 
variance and, provided the experiment is satisfactorily
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documented, facilitates comparison of results from 
different investigations. To calculate the standard 
error of the heritability estimate may also seem 
unjustified since heritability is strictly a parameter 
unique to the experiment. Nevertheless, the standard 
error is influenced by the number of genotypes sampled 
from the base population and the number of progenies 
sampled in each family and hence is a useful measure 
of confidence in the heritability estimate. The 
design of the present experiment ensured the standard 
errors of the heritability estimates and genotypic 
correlations were not excessive and thus estimates for 
the traits examined were accurate relative to one 
another.
As generally found in investigations for other 
species, fibre length was more heritable than wood 
density. This occurred despite smaller differences 
between families in fibre length than basic density, 
the coefficient of variation for average progeny fibre 
length based on progenies in the three environments 
being only 1.4 per cent whereas that for wood density 
was 3*7 per cent. The greater between family variance 
for basic density was more than offset by the within 
family variance.
Phenotypic variations between large trees 
examined were considerably greater for wood density than 
for fibre length which suggested greater genetic gain 
was possible for density. However, for a given selection 
intensity, the greater selection differential for wood 
density would be partially offset by the smaller 
heritability.
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In the past the possible importance of genotype 
x environment interactions in relation to wood 
properties has frequently been overlooked, very few 
investigations being for trees in the same families 
replicated in different environments, and still fewer 
with a large number of families. An international 
seminar has been convened for 1969 to discuss future 
work and the present study, comprising 3 environments 
x 39 families per environment x 5 progenies per family, 
provides useful information on the importance of 
interaction effects for E .regnans. It was particularly 
sensitive because the environmental variations within 
each regime were small.
The genotype x environment interactions were 
substantial and their effects approximately halved the 
heritability estimates for fibre length and basic 
density relative to those based on each environment. 
Since a significant genotype x environment interaction 
indicates different responses by different genotypes to 
the same environment, it is likely to be expressed 
throughout a tree’s life when the same genotype is 
subjected to changing environmental conditions.
Although the heritability estimates provided a 
sound comparison of genotypic variations for fibre 
length relative to basic density, it would be 
presumptuous to use them for predicting genetic gains 
for material of merchantable size. First, the genetic 
assumptions on which the narrow sense heritabilities 
were based should not be overlooked, the two most 
likely to bias the estimates being:
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(1) that the population from which the sample 
of parents was drawn was free from natural 
selection and inbreeding;
(2) that the progenies for each family were 
half sibs.
Failure of either assumption would inflate the estimated 
heritability.
Since the base population covered an extensive 
area it was not considered to be strictly random mating; 
nor could the hypothesis of no natural selection be 
adequately tested since few individuals were sampled 
from each site. Nevertheless, sampling was confined to 
the middle of the species range and the investigation 
of fibre length and wood density variations in large 
trees showed between site differences were insignificant. 
Therefore, in this first investigation of inheritance 
of fibre length and wood density in E.regnans, the 
assumption of no natural selection was considered to be 
reasonable. The assumption of half sib progenies was 
less tenable but also thought to be realistic. The 
proportion of full sibs is likely to be higher with an 
insect-pollinated species such as E .regnans than with 
wind-pollinated species but no evidence could be 
obtained from the literature or from personal 
representation to dispute or confirm the supposition 
of half sib progenies. However, it would be unlikely 
to get a significant proportion of full sibs in a 
sample of 15 seeds from the thoroughly mixed seed 
collection taken from over the whole crown.
A second factor limiting application of these
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heritability estimates to predict genetic gains is that 
heritability has been observed to change with age. For 
example, Nicholls (1967b) reported that in 22-year-old 
vegetatively propagated P.radiata, broad sense 
heritability estimated For different growth rings ranged 
between 0.20 and 0.50 for tracheid length and between 
0.24 and 0.60 for basic density. The expression of 
genotype x environment interactions may contribute to 
phenotypic changes with age and hence to changes in 
estimates of heritability.
The phenotypic and genotypic correlations were 
similar in sign, although the latter were usually larger. 
Correlations between height or diameter and fibre length 
or basic density were generally small and were 
inconsistent in different environments. The correlations 
at 18/13°C were negative whereas those at 24/l9°C and 
in the uncontrolled environment were positive. Therefore, 
in progenies from the same family the genotypic 
expression for size and wood properties was influenced 
by the environment. At 18/13°C a family whose progenies 
were large tended to have small fibre length and wood 
density whereas at 24/l9°C large size was associated 
with large fibre length and wood density. The 
magnitudes of these genotypic correlations suggest there 
is scope to select for vigour without the fear of 
undesirable side effects on wood properties. However, 
because genotypic correlations involve the respective 
heritability estimates they are subject to the same 
genetic assumptions as heritabilities and should not 
unequivocally be assumed representative of large trees.
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19• WOOD QUALITY AND PULP QUALITY
Fibre length and wood density are wood properties 
thought to have practical value in relation to 
improvement of paper properties by within species 
tree improvement. Fibre flexibility, which is a 
function of cell wall diameter and cell wall thickness, 
is more directly associated with paper properties than 
wood density, but being more difficult to measure, is 
less important practically. In E .regnans and other 
species having a suitable proportion of fibres for 
economic pulp production, fibre flexibility and wood 
density are highly correlated, so wood density is a 
useful index of paper properties.
Although fibre morphology influences pulp 
properties, several other independent factors have 
direct effects on pulp quality as well as on overall 
pulping efficiency; these include chipping, cooking 
time, *liquor/wood’ ratio, and the refining schedule. 
Wood properties therefore affect pulp quality 
indirectly and are likely to have greatest effect when 
direct factors of the pulping process are closely 
controlled. In this respect cell length may suffer 
greater degradation during pulping than the 
cross-sectional cell dimensions.
The sensitivity of the pulping process determines 
the minimum change in wood quality necessary to effect 
a desired change in pulp quality. Past experience 
suggests pulping processes have been insufficiently 
sensitive for the end-product to be greatly affected
2k0
by within species variations in wood properties. 
Consequently, while the large differences in fibre 
length and wood density between certain species have 
commonly been exploited by blending, little attention 
has been given to within species tree improvement.
The examination of wood properties in open- 
pollinated seedlings showed, despite the important 
environment and genotype x environment interaction 
effects, fibre length and wood density in E .regnans 
are sufficiently heritable to enable moderate genetic 
gains following selection. However, before a rational 
decision to improve wood properties can be made, the 
between tree variances relative to within tree 
variances must be considered; the greater the between 
tree variance, the greater will be the impetus for tree 
improvement.
A summary of the variance components for fibre 
length and wood density within and between trees is 
given in Table 45•
In trees of this age, the within tree variances 
for fibre length and wood density are large relative to 
the between tree variances, suggesting a programme of 
selection to improve the average wood properties of 
E .regnans would be of little benefit while trees are 
grown on long rotations.
Because of the increase in both average fibre 
length and average wood density with increasing distance 
from the pith, tree age has an important effect on the 
within tree variance. At younger age, the between 
tree variance relative to within tree variance is
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Table 45* Coefficients of variation ($>) and extreme 
variations for fibre length and wood 
density in E .r egnansx a) .
S ource Fibre WoodLength Density
Within
>io^b)00 growth ring 10
uH Within
Ö cross-section 9 8•H£
■P Between
heights 3 6
Between trees 3 9
Extreme variation 
between trees
Range/Mean ($) 6 30
Notes: (a) estimates based on 9 trees
>25 years old;
(b) estimated to be considerably 
greater than 10.
greater and also the average fibre length and wood 
density of the tree are smaller. This latter point is 
particularly important since wood density may affect 
the economics of pulp production. Wood density is 
inversely proportional to paper density and so less 
dense wood results in more dense paper, but in a 
smaller volume yield of paper per unit volume of wood. 
Consequently, if E.regnans is grown on short rotations, 
tree selection and breeding may be a practical way to 
maintain average wood density at a satisfactory level.
Although the between tree variances in Table 45
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are based only on nine trees, the extreme variation 
particularly for wood density would enable a large 
selection differential. With a larger number of trees, 
the selection differential could be even greater.
The use of improved seed is only feasible under 
plantation conditions but at present E .regnans is 
obtained primarily from natural regrowth forests managed 
on rotations of at least 60 years. However, where 
eucalypts have been planted commercially overseas for 
pulp purposes, the rotation lengths are very short, 
e.g. 5-10 years in Brazil (Leon and Borges, 1967) and 
10 years in South Africa (Myburgh, 1967)* In the 
future it is likely that increasing emphasis will be 
given to growing E .regnans in plantations on short 
rotations and this would provide an impetus for tree 
improvement as has happened with exotic coniferous 
species.
Selection of trees is one of the most important 
aspects of tree improvement and fortunately, breast 
height, which is the most convenient and hence most 
economical sampling position, is representative of the 
whole tree during early life. Therefore, not only 
are the fibre length and wood density variations 
between trees likely to be relatively greater for trees 
grown on shorter rotations, but selection of superior 
trees presents no difficulties. Because E.regnans is 
a fast-growing species, after 10 years of age tree 
size is such that estimates of wood properties at 
breast height become increasingly unrepresentative of 
the average for the bole.
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A second major aspect of any tree improvement 
programme is the system of propagation. Bearing in 
mind the limitations of the present heritability 
estimates, they indicate the potential for useful 
genetic gains particularly for wood density by 
establishing seed orchards by vegetative propagation.
For early yields of improved seed, it is essential 
to establish seed orchards using branch-wood from mature 
trees rather than from juvenile material, because of 
the large difference in time taken to flower. So far, 
propagation by cuttings from mature eucalypts has been 
unsuccessful, but work on the factors inhibiting 
rooting is well advanced (Prof. L.D. Pryor, pers. comm.) 
and gives hope. Nevertheless, grafting of eucalypts 
(Pryor and Willing, I963) is reliable and increasingly 
practised horticultur ally. Preliminary seed orchard 
trials with grafted E •melliodora clones have shown that 
worthwhile quantities of seed can be obtained within 
five years (Boden, 1968). At present, seed of E.regnans 
is in short supply and in future may be increasingly 
difficult or costly to obtain from natural stands. 
Therefore an additional benefit of seed orchards of 
E .regnans would be a guaranteed supply of seed.
Either open- or controlled-pollination may be 
practised in seed orchards but the latter, in combination 
with vegetative propagation of cuttings from improved 
seedlings, would give a greater genetic gain than by 
using improved open-pollinated seed. Vegetative 
propagation may also be of considerable benefit if field 
experiments gave evidence of genotype x environment 
interactions. Cuttings of E .regnans from seedling
2 44
material have been successfully propagated using 
intermittent mist sprays in a controlled environment. 
However, a programme of controlled-pollination with 
eucalypts would need to include tests of the degree of 
self-sterility of selected parents.
Height growth may present a difficulty in an 
E .regnans seed orchard after a few years but one way to 
alleviate this problem may be to graft onto dwarfing 
stocks (Boden, 1964). However, subsequent trials of 
reciprocal grafted crosses using seedlings of 
E .delegatensis with E.stricta, and E .maculosa with 
E .parvifolia have so far been inconclusive (r .¥. Boden, 
pers. comm.). An experiment using E.coccifera,
E .niphophila, and E.kybeanensis as possible dwarfing 
stocks and E.regnans scions is presently being 
undertaken (Dr P. Rudirian, pers. comm.). Little is 
known about stock-scion compatibility in eucalypts, 
but incompatibility has been encountered and requires 
further research.
Apart from improving pulp properties by tree 
improvement, improved pulping technology will probably 
enable direct control of pulp quality by extending 
the principles of blending to the within species level. 
Within growth ring variance for wood density is large 
even in very young material and segregation of high 
and low density fibre fractions in the pulp slurry 
would give substantial control of average fibre 
morphology. Gardner (1967) refers to two processes for 
segregating conifer pulps according to fibre density 
and being direct, these methods in combination with 
species blending may become increasingly important in 
the pulp and paper industry.
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If future demand for pulp products stimulates 
greater specialization in terms of quality grades, it 
may be desirable to improve pulp properties both 
indirectly by genetic improvement of wood properties 
and directly by segregation and blending of different 
fibre fractions during pulping.
Economic factors will finally determine whether or 
not improvement of wood properties in E .regnans should 
be practised. This research has demonstrated 
variations in fibre length and wood density between 
trees that could be exploited practicably should 
E.regnans be grown in plantations and utilized at less 
than 15 years of age. At this age, average wood density 
of trees would be roughly 5 per cent less than that of 
30-year-old trees but this difference could readily be 
overcome by tree selection and breeding. Using 
improved seed, plantations will be established 
reasonably close to the factory and short rotations 
would be favourable for economic reasons. However, the 
cost of the improvement in wood properties must be 
evaluated in relation to the prospective value added 
to the final product bearing in mind possible future 
changes in processing methods, products, and markets.
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Appendix B. Average progeny data for 39 families^ of 
E.regnans
Par. 
No.
HEIGHT (cm) DIAMETER (mm)
18/13° 24/19° Uncon­trolled Mean 18/13° 24/19°
Uncon­
trolled Mean
1 56.2 55.2 73.7 61.7 3.40 4.13 4.19 3.90
2 54.4 60.1 77.5 64.0 3.13 4.10 4.98 4.07
3 49.9 49.5 70.7 56.7 2.98 3.50 4.56 3.68
4 55.5 59.1 75.6 63.4 3.32 4.19 4.96 4.16
5 57.5 60.7 69.6 62.7 3.34 4.08 4.76 4.06
6 50.3 60.1 63.6 58.0 3.07 4.07 4.63 3.93
7 60.3 51.9 77.3 63.2 3.81 3.84 4.70 4.12
8 56.3 53.4 80.0 63.2 3.42 3.82 5.37 4.20
9 55.8 54.2 77.3 62.4 3.05 3.93 5.30 4.0910 53.8 53.3 56.8 54.6 3.26 3.75 3.87 3.63
11 54.6 51.4 61.2 55.7 3.59 3.57 3.76 3.64
12 51.5 50.1 77.0 59.5 3.11 3.55 5.11 3.92
13 50.6 44.8 75.6 57.0 3.10 3.34 4.61 3.6814 60.9 51.9 73.3 62.0 3.67 3.60 4.25 3.8415 57.4 42.7 73.9 58.0 3.24 3.09 4.87 3.7316 55.1 52.9 71.0 59.7 3.10 3.53 4.86 3.8317 56.4 58.0 81.6 65.3 3.17 4.35 5.14 4.22
18 56.1 47.7 77.6 60.5 3.48 3.60 5.21 4.09
19 48.7 50.1 66.4 55.1 3.15 3.77 4.43 3.78
20 53.8 49.3 70.8 58.0 3.39 3.84 4.56 3.93
21 58.8 56.0 90.4 68.4 3.61 3.88 5.92 4.47
22 52.0 54.8 73.0 59.9 3.32 3.85 5.01 4.06
23 62.7 59.3 79.9 67.3 3.62 3.87 4.62 4.04
. 24 54.4 56.8 72.5 61.2 3.37 4.19 4.92 4.16
25 62.8 65.2 88.4 72.1 3.55 4.04 5.05 4.21
26 51.4 52.5 81.4 61.8 3.43 3.66 5.09 4.0627 49.6 49.1 64.9 54.5 3.38 3.30 4.36 3.67
28 53.1 55.0 85.8 64.6 3.42 3.82 5.48 4.24
29 54.7 50.0 55.8 53.5 3.42 3.49 3.75 3.56
30 47.9 47.7 59.4 51.7 3.20 3.42 3.85 3.4931 56.7 54.5 78.0 63.1 3.60 3.84 5.07 4.17
32 58.4 56.1 81.5 65.3 3.71 3.91 4.75 4.13
33 51.8 48.6 67.3 55.9 3.46 3.72 3.71 3.63
34 48.5 47.4 60.1 52.0 3.02 3.28 3.37 3.22
35 55.1 56.5 78.4 63.3 3.61 3.88 5.18 4.23
36 62.6 61.1 85.1 69.6 3.78 4.42 5.31 4.50
37 56.7 53.2 79.0 63.0 3.53 3.84 4.68 4.02
38 58.4 46.6 58.7 54.6 3.31 3.13 3.03 3.10
39 51.4 46.8 67.5 55.2 3.34 3.65 4.15 3.71
Note: 1. There were 5 progenies/family in each environment.
Age was 14,12, and 20 weeks for the 18/13°C, 24/19°Cl
and uncontrolled environment respectively.
(contd. on p.249)
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Appendix B. (contd.from p.248)
DENSITY (g/cc) FIBRE LENGTH (mm)
Par. 
No. 18/13° 24/19°
Uncon­
trolled Mean 18/13° 24/19°
Uncon­
trolled Mean
1 0.256 0.299 0.358 0.304 0.382 0.427 0.523 0.444
2 0.245 0.302 0.371 0.306 0.393 0.433 0.505 0.444
3 0.248 0.310 0.378 0.312 0.393 0.444 0.510 0.449
4 0.273 0.316 0.374 0.321 0.392 0.435 0.514 0.447
5 0.280 0.298 0.361 0.313 0.416 0.445 0.504 0.455
6 0.262 0.280 0.374 0.306 0.416 0.434 0.507 0.453
i 7 0.254 0.295 0.359 0.303 0.405 0.432 0.513 0.450
8 0.268 0.268 0.367 0.301 0.415 0.442 0.510 0.456
9 0.244 0.285 0.367 0.299 0.416 0.435 0.506 0.453
10 0.247 0.265 0.354 0.289 0.407 0.436 0.498 0.447
11 0,252 0.276 0.321 0.283 0.411 0.425 0.510 0.449
12 0.262 0.268 0.357 0.295 0.405 0.426 0.488 0.440
13 0.231 0.287 0.393 0.304 0.406 0.430 0.503 0.447
14 0.242 0.258 0.362 0.287 0.395 0.435 0.499 0.443
15 0.254 0.278 0.360 0.297 0.399 0.425 0.488 0.437
16 0.242 0.282 0.409 0.311 0.401 0.429 0.490 0.440
17 0.258 0.292 0.373 0.307 0.396 0.434 0.503 0.444
18 0.247 0.290 0.371 0.305 0.409 0.429 0.498 0.445
19 0.253 0.277 0.362 0.297 0.398 0.430 0.494 0.441
20 0.242 0.292 0.373 0.302 0.402 0.432 0.479 0.437
21 0.257 0.260 0.368 0.295 0.400 0.436 0.486 0.441
22 0.242 0.294 0.350 0.295 0.403 0.428 0.479 0.437
23 0.260 0.292 0.363 0.305 0.413 0.429 0.494 0.445
24 0.235 0.257 0.357 0.283 0.383 0.422 0.469 0.425
25 0.260 0.310 0.400 0.324 0.402 0.434 0.493 0.443
26 0.257 0.298 0.388 0.314 0.394 0.427 0.503 0.442
27 0.253 0.277 0.364 0.298 0.392 0.430 0.494 0.439
28 0.245 0.274 0.379 0.299 0.389 0.420 0.497 0.436
29 0.261 0.290 0.356 0.302 0.392 0.424 0.489 0.435
30 0.252 0.275 0.341 0.289 0.396 0.422 0.493 0.437
31 0.227 0.288 0.381 0.299 0.406 0.420 0.493 0.440
32 0.253 0.265 0.354 0.290 0.392 0.424 0.492 0.436
33 0.267 0.294 0.359 0.307 0.403 0.429 0.494 0.442
34 0.251 0.281 0.324 0.285 0.404 0.429 0.491 0.442
35 0.244 0.289 0.389 0.307 0.395 0.431 0.483 0.436
36 0.232 0.298 0.384 0.305 0.394 0.422 0.498 0.438
37 0.251 0.269 0.368 0.296 0.402 0.442 0.491 0.445
38 0.233 0.263 0.317 0.271 0.397 0.420 0.481 0.433
39 0.256 0.275 0.337 0.289 0.405 0.427 0.496 0,443
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Appendix F. Parameters of fibre length frequency distributions for growth 
rings at different positions in six trees of E .regnans.
Tree
No.
Height
above
Ground
Ring
from
Bark
Mean
( m m )
Std.
Devn.
( m m )
Skewness Kurtosis
2 1.15 0.11 0.27 0.03
P P 6 1.20 0.13 0.07 -O.69m a ctf W) 10 1.23 0.13 0.17 -O.230> -H 14 1.20 0.12 0.53* -O.I6Pcp a 18 1 . 1 7 0.11 0.24 -0.4122 0-97 0.12 0.17 -O.34
2 1.10 0.11 -0.09 0.19
-3-
■p<h a 6 1.02 0.10 0.25 0.37
o 10 1.19 0.13 0.46 -O.I7DmW 14 1.16 0.13 0.01 O.36o pCM O 18 1.11 0.12 0.76** 0.6122 1.08 0.11 0.12 -0.22
2 6 1.06 0.10 0.02 -0.08
2 1.22 0.13 0.24 -0.82
£ 6 1.17 0.13 o.o4 -O.36o 10 1.15 0.14 o.l4 -0.28
^  d 14 1.07 0.11 0.29 0-77O  -P 
in O 18 l.o6 0.10 -0.01 -O.34
H 22 0.83 0.08 0.10 -O.I7
2 1.12 0.11 0.38 -O.52
6 1.12 0.11 0.30 -o.o4
-p p 10 1.13 0.11 0.08 -0.35to a  
d t»D 14 1.12 0.13 0.96*** 0.75
<D -H p (U 18 1.03 0.11 0.0 -0.39
m ä 22 0-97 0.10 0.58* -0.0826 0-95 0.10 0.27 -0.27
2 1.21 0.14 0.34 -O.54
P 6 1.21 0.13 -0.05 -O.93
m «H a 10 l.l 4 0.14 0.27 -0.02
« H 14 1.12 0.13 0.52* 0.86w 18 1.15 0.11 0.29 0.09CM O 22 1.06 0.10 0.20 -0.73
26 0.99 0.09 -0.19 -0.60
p<w a 2 1.24 0.11 0.06 -O.56o 6 1.21 0.10 0.08 -0.11H
d 10 1.17 0.10 -0.02 -O.34o +> in o 14 1.14 0.10 -0.07 -0.2918 1.03 0.09 0.37 0.39
(contd. on p.255)
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A p p e n d i x  F .  ( c o p t h .  f r o m  p . 2 5 4 )
Tree 
No .
Height
above
Ground
Ring
from
Bark
Mean 
( mm)
Std. 
Devn. 
(mm)
Skewness Kurtosis
2 1 .14 0 .11 0.50* -0 .12
6 1.12 0 .09 -O.O7 0.14
m d 10 1.08 0 .09 0.20 0 .03
cdO -H 14 1 .04 0 .11 O.36 1.23*tn 0> 18 1.05 0 .11 0.10 0.14
m M 22 l  .04 0 .10 0.51* 0 .0
26 1 .05 0 .10 0-92*** 1.79***
2 1.25 0 .11 0-33 0.52
VO -p Ch K 6 1.18 0 .11 0.28 -O .3IO 10 1.22 0 .11 0.29 -O.55
X
w
H 
^  aJ 14 1.15 0 .11 -0 .4 4 0 .0
O p 18 1 .20 0 .11 0.20 -0 .47
Eh 22 1.11 0 .10 -0 .20 -0 .30
2 1.25 0 .10 0.37 -0 .2 4
-P 6 1.25 0 .12 0.19 -0 .2 8<h £} O 10 1.22 0 .11 0.54* 0.05
H 14 1.16 0 .10 0 .08 -0 .51
O -P 18 1 .14 0 .11 0.09 -0 .03in O
22 0 .94 0 .09 0.26 0.46
2 1.11 0.11 0 .16 -0 .1 1
6 1.07 0 .10 0.05 0 .0
10 1.15 0 .12 O.63** 0 .2  6
-P -P 14 1 .10 0 .13 0 .30 -0 .2 0
to d 
aJ fcü) 18 1 .04 0.11 0 .43 0 .54
a) *h  
U a> 22 1 .03 0.12 0.49* -0 .6 8
CP X 26 1 .08 0 .10 0 .25 -0 .2 4
30 O.96 0.12 0.90*** 2.28***
34 0 .94 0 .09 0 .46 0.49
38 0 .89 0 .09 -0 .3 1 -0 .46
2 1 .12 0 .11 0.51* -O.52
6 1 .18 0.12 0 .11 -O.50
-p 10 1.20 0.11 0.23 -0 .2 8
X <H K 14 1 .20 0 • 14 0; 28 -0 .5 4
H 18 1 .20 0.15 1.17*** 1.98***
■ § 5 22 1 .15 0.11 0 .19 0.17
CM O 26 1 .14 0.12 0.22 -0 .6 1
30 1 .13 0 .12 0.82*** 0.91
34 1 .08 0 .12 0.59* 0.90
38 0 .82 0 .08 1.34*** 3•95***
2 1.22 0.11 0.25 -0 .0 7
6 1.17 0 .12 0.39 -0 .1 8
<H X 10 1.15 0.12 0 .44 -0 .22O
14 1 .23 0 .11 0.58* 0.47
O P 18 1 .19 0.09 0 .43
-0 .02
in o 22 1 .08 0 .09 0.12 0.19
H 26 1.00 0 .10 0 .0 O.38
(contd. on p.256)
A p p e n d i x  F -  ( c o n t d .  f r o m  p.255)
T r e e
N o .
H e i g h t
a b o v e
G r o u n d
R i n g
f r o m
B a r k
M ea n  
( mm)
S t d .
D e v n .
(mm)
S k e w n e s s K u r t o s i s
2 1.09 0.12 0.18 -O.74
6 1.15 0.12 0.54* O.98*
10 1.13 0.11 0.41 -0 .02
-p -p l4 1.09 0 . 09 0.25 -0 .24
cd tb 18 1.14 0.11 0 . 0 -0 .230) -H 
U <D 22 l . o 4 0.10 0.19 0.29
PQ CU 26 1.02 0.10 0.39 -O.59
30 1.00 0. 11 0 . 6 l * 0.16
34 0-99 0.09 0.62** 0.82
38 o . 91 0.09 0.17 -O.79
2 1.21 0.13 0.46 -0 .46
6 1.23 0.14 0.43 0.13
-p 10 1.24 0 . 14 o.4o 0. 0
CU
W
<h tU o l 4 1.17 0.11 0 . 08 -0 .01
H 18 1.20 0 . 14 o.4o 0.26
O -p 22 1.20 0.14 0 . 4o -O.3ICM O 8-t 26 1.17 0.11 0.58* 0.97*
30 1.15 0.11 0.05 -O.3O
34 0.91 0.12 0.51* 1.57**
2 1.24 0.13 0.42 0.88
6 1.20 0.16 -0 .55* 2.68***4->
ch EU 10 1.30 0.13 - 0 . 2 4 -0 .48
o l 4 1.24 o . i 4 0.15 -O.39
CÖ 18 1.22 0.15 - 0 . 02 - 0 . I 5
O -P  
1P\ o 22 1.17 0.13 0.60* 0.05
H 26 0.95 0.11 0.56* 0.43
2 1.21 0 . 12 0 . 82*** 0.82
6 1.18 0.13 0.86*** 2.29***
10 1.08 0.08 0.21 - 0 . 2 0
-p -p 14 1.10 0.11 0.59* 0.01
(0 ,d 18 1.05 0 . 10 0.08 0 . 0
CD -H 22 1.01 0.11 0.72** . 0 . 6 l
U <D 
cq nj 26 1.08 0.12 o.o4 -O.39
30 1.04 0.12 0. 24 -0 . 48
34 1.04 0.12 0.59* 0.51
38 1.00 0.10 0.50* 0 . 0
2 1.26 0.15 0 . 32 0.06
6 1.23 0.15 0.14 -O.52
-p 10 1.16 0.13 0.02 - 0 . 2 0
0 \
‘Ch tU 
o 14 1.22 0.13 0.16 -0 . 79
CU
H
^  d
18 1.19 - 0.12 0.51* 0.23
W O P> 22 1.17 0.12 0.39 -O.56
26 1.07 0.14 0.70** 0.30
30 1.02 0.11 0.58* 0.07
34 0 . 88 0. 09 0.47 - 0 . 20
2 1.23 0 . 13 0.43 -0 .24
6 1.17 0.13 0.34 - 0 . 4o
<H £ 10 1.08 0.14 0.94*** 1•59***
o 14 1.14 0. 11 1.00*** 1.30***
^  CtJ 18 1-14 0 . 10 -0 .10 -0 .17
m o
PH
22 1.09
S~\ AlN
0 . 13  
/-\ 1 1
0.28
r\ n  A
-0 .03
r \ 0  it
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Appendix G. Derivation of integrated average disc and 
tree fibre lengths.
Integrated Tree Fibre Length:
(G.l)
where H = height above ground of a general point
as a proportion of final height of the 
tree .
R = distance from pith of a general point 
as a proportion of final radius at 
breast height.
Assuming wood properties observed for the cardinal 
direction ’North’ are representative of the whole tree, 
Equation G.l estimates fibre length (FL) at a general 
point. Since certain of the trees examined differ in 
age, the terms ’final height’ and ’final radius’ are 
used to refer to the size of the tree when felled, 
irrespective of age. Integration of the product term 
R x FL allows summation of the fibre length values 
throughout the tree, each separately weighted according 
to its position. Average whole tree fibre length 
follows simply by division of this total by the tree 
volume. Thus the expression for the integrated whole 
tree fibre length (iTFL) at a given age is:
ITFL = c DJ J [R] dR> dH
where c = total tree height at given age as a 
proportion of final height.
258
D = tree radius at height H at given age as 
a proportion of final radius at breast 
height.
D depends upon the tree shape, which except for the butt, 
approximates a second degree paraboloid. Thus:
H = -b2D2 + c (G .2)
where b is a factor representing tree taper at the 
given age.
Equation G.2 can be rewritten as:-
X.
D = [c(l - H/c)J2/b and
putting e = H/c gives for integrated tree fibre length
1 [c(1-e)]2/b
I J  [R f(R,e)] dR,de
ITFL
.1 Ic(l-e)]2/b
J [ Ri dR,de\ r\ L  -J
(G-3)
For calculation of average tree fibre length at a given 
age c and b must be determined, both being subject to 
approximation.
The time taken to reach a particular height level 
is approximately the difference between the number of 
growth rings in the particular disc and in the breast 
height disc. This enables preparation of the height - 
age curve from which c can be derived for desired ages.
D for a desired age was determined from the age - 
distance relationship at breast height, this adequately 
approximating the relationship at ground level 
(neglecting buttswell). Under these conditions H = 0 
and from Equation G-2:
b D
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Integrating the numerator of Equation G-3:
[c(l-e)]2/b
J [R f(R,e)J d R ,de
J1 /'
L
[c(1-e)]2/b 2 2^2[a, c e R + a ceRu u JL
+ a^R3 + a^R2 + a^R] dR,de
2 2 3/2/, x3/2 3/2/-, x3/21 a-, c e c (1-e) a_cec (1-e)j j- 1 v ’ + _2_______ v ’
33b
2 /  .. \  2a c (1- e ) «a. 2^
+ — ------r-------  + ---
3b 3
3/2, c ' (l-e) 3/2 a^ c(l-e)
4b 3b-
] de
Each term in this expression is integrated separately, 
The terms a c2 (1-e)2/4b^, a. :3//2(l-e)3//2/3b3 and
a^ c (1-e)/2b‘~ integrate directly, giving respectively5
a3 c2/ l 2 b \  2az+c3'/2/l5b3 , and a ^ c ^ b 2 .
The other two terms are of the form:
1 = I + 2 ] de
where i and j are non-negative integers. 
2Putting e = sin 0 transforms I to:
|V 2r [ sin 2i + 1 0 cos 2 j + 2 0 ] d0
which on successive integration by parts (or from a 
table of integrals) gives:
(2i)(2i-2) .. •••(2)
(2j+3)(2j+5) ... (2J+21+3) ]
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The numerator of Equation G-3 is therefore given by:
16r 7/2 .  . /Q, 3 5/2 , 4 w  3
 ^alc (5x7x9 )' 3b + a2° ( 5x7) / 3b
2 /. 4 3/2 /n 3+ a^c /12b + 2a^cJ/ /l5bJ + a^c/4b ]
Integrating the denominator of Equation G.3?
1 [c(1-e)]2/bJ o [r ] dR,de = I [C-G - 0 .
° ‘ 2b2
J de
.3/2So ITFL = 0.0677 a., cJ/ /b + 0.1533 a_cJ/ /b
c/4b‘
3/2
+ 0.3333 a^c/b2 + 0.5333 a4ci/2/b + a5 (G.4) 
5
:. Z-, k . a.i = l 1 1
Integrated Disc Fibre Length:
The calculation of integrated disc fibre length 
(iDFL) at a particular height level in the tree for a 
given age follows from Equation G*3^
[c(l-e)]2/b
[R f(R,e)J dR
IDFL
*[c(l-e)]2
[r ] dR
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This expression may be integrated directly and 
substituting H/c for e gives for integrated disc fibre 
1ength:
IDFL 2( c-Il) ^ 3b (axH
(c-H)
+ a^H + + a,
3
£
i = l
k . a .l i
(G-5)
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